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The Low Temperature CVD of Tungsten Carbide Abstract 
ABSTRACT 
A detailed study has been made of the atmospheric pressure chemical vapour deposition 
(CVD) of tungsten carbide coatings onto powder metallurgy (PM) BT42 grade high speed 
steel (HSS) indexable cutting tool inserts. The pyrolysis of tungsten hexacarbonyl (W(CO)6) 
deposition route was utilised in conjunction with a laboratory-scale hot-wall CVD reactor. 
After numerous coating runs, deposition conditions were established under which 
rudimentary tungsten carbide coatings could be deposited at 350°C. The characteristics of 
these coatings were determined using an established characterisation procedure. This 
involved the following techniques: X-ray diffraction, ball cratering, Auger electron 
spectroscopy (AES), optical microscopy, fractography/scanning electron microscopy (SEM), 
profilometrY, scratch adhesion testing and micro-indentation hardness testing. 
Following the application of these techniques, it was established that all of the tungsten 
carbide coatings contained tungsten, carbon and oxygen at typically 58, 28 and 14 at. % 
respectively and were all of the form ~-WC (WCo 61). Characteristic coating hardnesses 
around 2100 HV0025 were measured. Coating thicknesses were found to vary across each 
cutting tool insert and also from insert-to-insert for each coating run. In general, coating 
thicknesses were thicker nearer the inlet end of the reactor coating chamber. TIlls indicated 
that the deposition reaction was operating in the mass transport controlled deposition regime. 
Subsequent confIrmation of this was gained when the activation energy of the reaction was 
calculated to be 26 kJ mOrl. Scratch adhesion testing typically showed evidence of flaking 
at the edge of the scratch chaunel at indentor loads as low as 2 kg. It was suggested that 
coatinglsubstrate adhesion would be aided by the reduction of oxygen in the coating which 
was thought to arise from the reaction by-product gases. Initial coating runs, to compare 
coatings deposited onto BT42 grade HSS and U30 grade cemented carbide cutting tools 
indicated that similar coating characteristics could be achieved on both substrate materials. 
It was concluded that tungsten carbide coatings could indeed be deposited at low deposition 
temperatures and at atmospheric pressure. However, virtually all of the characteristics of 
these coatings require fundamental improvements. These were thought possible with the use 
of a cold-wall CVD reactor operating at reduced pressure. 
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1. INTRODUCTION 
Industrial demand for cutting tools which are more reliable, more wear resistant and able to 
operate at higher cutting speeds has continued to lead the development of improved cutting 
tool materials. One of the most significant developments, in the past thirty years, has been 
the advent of chemically vapour deposited hard material coatings on cemented carbide (i.e. 
tungsten carbide-cobalt) cutting tools. The chemical vapour deposition (CVD) process 
primarily involves the introduction of gaseous reactants in to a chamber heated, typically, to 
around lOOO°C, in which the substrates to be coated are accommodated on a number of 
levels. These gases react under controlled conditions to give rise to the formation of a solid 
deposit on the substrate surfaces. Cemented carbide indexable cutting tool inserts coated 
with a thin layer of hard material by CVD were first introduced on to the market in 1969 with 
a single layer titanium carbide (TiC) coating!I). Subsequently, other coatings, including 
titanium nitride (TiN), titanium carbonitride (Ti(C,N)), alumina (Ah03) and hafuium nitride 
(HfN) have been developed in single and multilayer forms. The importance of CVD coated 
cemented carbide inserts has increased such that they now consist of well over half of the 
output of many large hardmetal manufacturers(2). The two major advantages which arise 
from their use, and account for their importance, are an increase in tool life and the 
possibility of utilising increased cutting speeds relative to uncoated inserts(3). 
The extension of the CVD process to similarly coat high speed steel (HSS) cutting tools is a 
more recent development, having been delayed primarily by the high temperatures at which 
the coatings are deposited. These are well in excess of the tempering temperature of HSS 
(typically 550°C), with the result that HSS tools must be hardened and tempered after 
coating which can lead to problems with distortion and dimensional changes. This means 
that only tools with dimensional tolerances greater than ± 0.02 mm and length to diameter 
ratios less than ten can be successfully CVD coated. In addition, most hard material coatings 
oxidise above 600°C and therefore the obligatory post-coating heat treatment must take place 
in a vacuum. Consequently, the most suitable substrate steels have been found to be the AIS! 
series A, D, H, M and T air hardening steels, tool and HSS, and the martensitic stainless 
steels. The aforementioned problems have led to suggestions that the CVD process is 
unsuitable for coating HSS cutting tools and have prompted the development of low 
temperature « 500°C) physical vapour deposition (PVD) coating techniques. These can be 
basically divided into two categories, evaporation or sputtering. However, despite these 
, 
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suggestions, CVD has now been successfully used to coat a variety of conventional, solid 
HSS tools including drill bits[41, milling cutters[SI, parting-off tools and taps[61 and found to 
produce a substantial increase in perfonnance. 
The extension of the CVD process to HSS cutting tools was considerably enhanced by the 
development of powder metallurgy (PM) high speed steels, which, as a result of their more 
unifonn metallurgical structure, are much less susceptible to size change and distortion 
during the obligatory post-coating heat treatment than cast and wrought high speed steels[7. 81. 
The introduction of the patented cold compaction and direct vacuum sintering PM route in 
1977[91 enabled the production of near net shape PM HSS cutting tool inserts with an 
equivalent heat treatment response[lOI and at least equivalent cutting properties[II1 to cast and 
wrought HSS tools of similar composition. The proficiency of such inserts to replace certain 
. fonns of conventional, solid HSS cutting tools is generally accepted[121. Furthennore, PM 
HSS inserts are particularly suitable for coating with thin layers of hard materials by the well 
established CVD process because, unlike solid HSS tools, they do not require regrinding. 
Recognising the potential improvements in PM HSS insert cutting perfonnance offered by 
chemically vapour deposited hard material coatings, Edgar Alien Danite Ltd. (fonnerly 
Edgar AlIen Tools Ltd.) entered into a progranune of collaborattve research with 
Loughborough University (fonnerly Loughborough University of Technology) in 1981. The 
aim of the progranune, which terminated in 1992, was to investigate and develop the 
application of chemically vapour deposited titanium-based hard material coatings to their PM 
(BT42 grade) HSS cutting tool inserts. Single layer TiN[13.171, TiC[18.2ol, Ti(C,N) and 
multilayer TiCffiN[211 coatings have been investigated within this programme. These 
coatings were all deposited in an industrial CVD reactor at atmospheric pressure with one 
exception[131. During the initial stages of the progranune, a procedure to fully characterise 
the chemically vapour deposited coatings was developed. This characterisation procedure, 
which involves the use of the following techniques: X-ray diffraction, ball-cratering, Auger 
electron spectroscopy (AES), optical microscopy, fractography/scanning electron 
microscopy, profilometry, scratch adhesion testing and micro-indentation hardness testing 
(hereafter abbreviated to microhardness testing for brevity), will also be employed in the 
present work. Cutting tests were also developed in order to evaluate the effect of the 
chemically vapour deposited coatings on the cutting perfonnance of the PM HSS inserts. 
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These indicated that the coatings brought about a marked improvement in cutting 
perfonnance of the PM HSS inserts which was subsequently reproduced in their industrial 
appIication(20). They also showed that the increase in tool life resulted almost exclusively 
from a reduction in crater wear. It was established that the single layer TiN coating afforded 
the greatest overall improvement in the cutting perfonnance of the PM HSS inserts, but, in 
common with the other CVD coatings studied and comparable PVD coatings, only at nonnal 
and slightly elevated cutting speeds. 
It is clear, from the aforementioned research programme, that a further reduction in crater 
wear is necessary in order to achieve a greater increase in tool life than that afforded by TiN. 
Temperatures on the rake face of tools can reach 800°C during cutting(22) leading to 
oxidation and softening of the coating and hence a significant decrease in its wear resistance. 
With this fact in mind, a further two hard material coatings were identified for study in an 
attempt to accomplish this desired additional increase in tool life: Ah03 and tungsten 
carbide. Ah03 was chosen because it has several attractive properties, such as low thennal 
conductivity, high chemical stability and high resistance to oxidation at elevated 
temperatures(231. Tungsten carbide was identified because, although initially softer at room 
temperature it retains its hardness at elevated temperatures much better than many other 
carbides. In fact, tungsten carbide retains its hardness up to 600°C while the hardness of 
most other carbides decreases rapidly with increasing temperature up to this point, as 
illustrated in Figure 1.1. 
Naeem(23, 24) investigated the feasibility of chemically vapour depositing Ah03 coatings on 
to PM BT42 grade HSS cutting tool inserts in a purpose-built, laboratory-scale, atmospheric 
pressure CVD reactor. This reactor will also be used in the present work. She ascertained 
that, by employing a suitable pre-coating, an Alz03 coating could be successfully deposited 
on to the HSS inserts and retained during their obligatory post-coating heat treatment. Initial 
cutting tests on the multilayer Alz03 coated inserts indicated a further reduction in crater 
width over that afforded by a TiN coating, thereby leading to a tool life between two and five 
times greater than that provided by a TiN coating(25.271. Research in this area is continuing. 
The purpose of the present work is to investigate the CVD of the second of the targeted hard 
material coatings, tungsten carbide, on to the PM HSS inserts. Not surprisingly, other 
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researchers have similarly identified tungsten carbide as a desirable coating material. In 
previous work, deposition has usually taken place via one of two CVD reactions. 
1. Firstly, tungsten hexafluoride (WF6) has been employed as the metal donor gas together 
with a carbon source (usually a hydrocarbon) and a hydrogen[28-34] carrier gas. A typical 
WF6 CVD reaction, using benzene (C6H6) as the carbon donor, is shown below: 
1 5 1 
WF6 +'6C6H6 + 2 H2 -+ 2 W2C+6HF 
2. Secondly, tungsten hexachloride (WCI6) has been utilised as the metal donor gas, again 
with a carbon source and hydrogen[35. 36] or argon[37] as the carrier gas. A WCI6 CVD 
reaction, also using C6H6 as a carbon donor, is shown below: 
Tungsten carbide has been chemically vapour deposited on to steel substrates using these two 
CVD reactions with varying degrees of success. In particular, deposition temperatures below 
the tempering temperatures of tool steels have been achieved using the former. This obviates 
the necessity for the obligatory post-coating heat treatment of the steel substrates and 
therefore eliminates the aforementioned difficulties associated with it. Archer et al [28] found 
that tungsten carbide coatings deposited via the WF6 route appear to have favourable wear 
resistance compared with other coatings. However, there are problems with using the WF6 
and WCl6 routes for the CVD of tungsten carbide coatings. 
• Often, there is an adhesion problem between the coating and the substrate caused by the 
corrosive by-product gases attacking the substrate (in addition to the reactor coating 
chamber). To overcome this problem, a nickel interlayer is often used. However, the 
resulting bond strength between the coating and substrate is thought to be insufficient to 
resist high stresses such as occur in metal cutting operations[38], 
• It is not feasible to use some carcinogenic hydrocarbon carbon donors such as C~6, 
• The gaseous by-products are extremely toxic. 
In the present work, it is therefore intended to investigate the use of another CVD reaction, 
namely the pyrolysis of tungsten hexacarbonyl (W(CO)6)' to attempt to chemically vapour 
deposit tungsten carbide coatings. The pyrolysis of W(CO)6 is one of the simpler CVD 
reactions used to generate hard material coatings. The basic reaction is thought to be as 
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shown below: 
...... (1.1) 
The major advantages of utilising this reaction include the non-toxic, non-corrosive nature of 
the by-product gases and the possibility of using reduced deposition temperatures. Previous 
investigations of this route, exemplified by the work of Lander and Germer(39), concluded 
that reduced deposition pressures were necessary. However, in the present work, an attempt 
to chemically vapour deposit the tungsten carbide coatings will be made at atmospheric 
pressure. 
As an essential precursor to the current research, previous work on the CVD of tungsten and 
tungsten carbide coatings is presented in the following chapter of this thesis. The deposition 
of tungsten carbide coatings by other deposition techniques is also briefly reviewed. 
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2. LITERATURE SURVEY 
Primarily, in this chapter, a review of the literature on tungsten carbide coatings chemically 
vapour deposited via the WCI6, WF6 and the pyrolysis of W(CO)6 routes is presented. 
However, due to the paucity of information on the latter, tungsten coatings chemically 
vapour deposited by the pyrolysis of W(CO)6 are also included. Finally, literature on 
tungsten carbide coatings deposited by other deposition techniques, such as plasma spraying 
and PVD, is briefly reviewed. However, first an overview of the fundamental aspects of 
CVD is provided. 
2.1 Fundamental Aspects of CVD 
CVD may be defined as the atomistic deposition of solid material on to a substrate from the 
vapour/gas phase which is brought about by thermally induced chemical reactions. These 
reactions must develop as heterogeneous reactions directly on the substrate surface and not 
as homogeneous reactions in the bulk gas phase, since the latter gives rise to powder 
formation, known as gas phase nucleation. 
2.1.1 Chemical Vapour Deposition Process and Systems 
The chemical reactions referred to above can take place in two basic systems: closed and 
open reactor. In the former, the (initially solid) reactants are packed in a container which is 
then sealed (closed) and heated to the required temperature. In contrast, in the open reactor 
system, which is by far the most widely used, the (gaseous) reactants are supplied 
continuously and the gaseous by-products and excess reactants are continually removed. 
Only open reactor CVD will be considered here and will be hereafter referred to simply as 
CVD. It involves the following four basic stages. 
1. Supply of the reactant gases and any carrier gases that are to be used. (plus any diluent 
gases which may be employed.) 
2. Transport of the reactant gases into the heated reaction chamber, accompanied or 
preceded by mixing of the gases. The coating chamber may be at either atmospheric 
pressure or under a soft vacuum. 
3. Thermal activation of the reactant gases in the vicinity of the heated substrates, 
accompanied by their reaction, to form a solid deposit on the substrate surfaces. 
4. The removal of gaseous by-products and excess reactants, followed by their subsequent 
neutralisation if necessary. 
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Heating of the substrates can be accomplished in either a hot or cold wall reactor. A hot wall 
reactor is essentially an isothermal furnace which is generally heated by resistance elements. 
This type of reactor has the advantage of very close temperature control. However, a 
disadvantage is that deposition occurs everywhere, including on the trays that hold the 
substrates and on the walls of the reactor which thus require periodic c1eauing. In a cold wall 
reactor, the substrate is heated directly by either induction or radiant heating. The walls of 
the reactor, which are cooler, remain uncoated(401. Both types of reactor may be positioned 
either horizontally or vertically. The latter orientation is most commonly employed. 
2.1.2 Chemical Vapour Deposition Reactions 
Most CVD reactions are endothermic, with the required thermal energy being supplied by the 
heated substrates. There are several types of reactions which may be broadly classified as 
defmed below. The gaseous source materials employed are usually volatilised metal halides 
(bromides, chlorides, fluorides and iodides), metal hydrides and metal carbonyls. Their 
transport into the reaction chamber is normally accomplished using a carrier gas, often 
hydrogen. 
In many CVD systems, coatings are obtained from the decomposition of a gaseous reactant at 
the substrate. This reaction is known as thermal decomposition or pyrolysis. Gases 
particularly suited for this type of reaction include metal hydrides and organometallic 
compounds. Such reactions are regarded as the simplest type of CVD reaction since only 
one precursor reactant gas is utilised. An example of this type of reaction has already been 
given in equation 1.1. Another example is shown below. 
Ni(CO)4 ~ Ni+4CO 
Reduction reactions are also important CVD reactions. The hydrogen reduction of halides 
is particularly important since it has the major advantage that the reaction takes place at a 
lower temperature than the equivalent decomposition reaction. Reduction reactions are used 
extensively in the deposition of the transition metals, such as vanadium, tantalum, 
molybdenum, tungsten and rhenium(401. Such a reaction for the deposition of molybdenum is 
illustrated below. 
MoCI. + 3H2 ~ Mo + 6HCI 
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Other CVD reactions that are employed are oxidation and hydrolysis reactions. These are 
used in the formation of oxide coatings. CO2 is commonly used as a source of oxygen as 
shown below. 
Excess H,) AI 0 + 3CO + 6HCl 2 3 
The final type of CVD reaction is the displacement or exchange reaction. This type of 
reaction is typically used for the deposition of carbides or nitrides. Carbides are generally 
deposited by reacting a metal halide with a hydrocarbon, such as methane. An example is 
cited below. 
HfCl4 + CH4 ~ HfC + 4HCl 
In addition to such intentional overall reactions, unintentional reactions between substrate 
elements and the gaseous reactants may also occur. These substrate reactions are often 
undesirable since they can lead to contamination of the coating or to the formation of 
intermetallic or oxide compounds between the coating and substrate, inhibiting adhesion. 
2.1.3 Reaction Thermodynamics 
A CVD reaction is governed by thermodynamics - the driving force which indicates whether 
and in which direction the reaction will proceed. Chemical thermodynamics is concerned 
with the interrelation of various forms of energy and the transfer of energy from one 
chemical system to another. In CVD this transfer occurs when the gaseous compounds react 
to form the solid deposit (and the gaseous by-products). A CVD reaction will be favourable 
if the transfer of energy is negative, however, it is important that it is not too negative since 
gas phase nucleation can OCCurl411• The energy change for a reaction under a given set of 
conditions, known as the Gibbs energy change (~G), is related to the standard Gibbs energy 
change (~GO), corresponding to one atmosphere pressure, by the expression[42j 
~G = ~GO + RTlnJ. ...... (2.1) 
where R = Universal gas constant 
T = Absolute temperature of reaction 
Ja = Product of activities of reactants and products raised to the appropriate powers 
For a chemical reaction in which b moles of material B react with c moles of material C to 
form d moles of material D and e moles of material E, i.e. 
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= D E 
ab a' B C 
h A • . Fugacity of material were a = CtiVlty = ---,------''-...:....---------
Fugacity of material in its standard state (1 atm) 
Literature Survey 
...... (2.2) 
...... (2.3) 
The activity of a pure solid is unity, whilst the activity of a gas is obviously numerically 
equal to its pressure. Consequently, Ja varies according to the pressure of the gaseous 
reactants and products. 
It is clear from equations 2.1 and 2.3 that if a reaction results in a decrease in molar volume 
i.e. (d + e) < (b + c) then the reaction will be assisted by an increase in pressure, whereas if a 
reaction results in an increase in molar volume i.e. (d + e) > (b + c) then the reaction will be 
assisted by a decrease in pressure. This is of course Le Chatelier's principle(43-461. 
Under conditions of chemical equilibrium, i.e. when no reversible work can be done between 
two states, AG = 0 and equation 2.1 becomes 
AGO = -RTlnK ...... (2.4) 
where K is known as the equilibrium constant. If K is expressed in terms of activities it has 
the subscript a and if expressed in terms of partial pressures it has the subscript p. Kp for the 
reaction given in equation 2.2, assuming that the reactants and products are gaseous, is: 
= 
p~ p~ 
p~p~ 
Substituting for K in equation 2.4 gives: 
AGO = - RTln(P~ p~) p~p~ ...... (2.5) 
For any chemical reaction, AGO at a given temperature can be found from the sum of the 
Gibbs energies of formation of the products (GProds) less the sum of the Gibbs energies of 
formation of the reactants (~eacts) at the same given temperature. Expressed 
mathematically: 
...... (2.6) 
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where n = number of moles of each species involved in the reaction 
The Gibbs energy of formation itself is given by the Gibbs-Helmholtz equation: 
G = H-TS 
where H = Enthalpy 
S=Entropy 
.:l.Go is not constant but varies as a function of several parameters including the type of 
reactants employed and the deposition temperature. In fact, if .:l.Go, for a given reaction, is 
calculated at various deposition temperatures then it can be seen whether increasing or 
decreasing the deposition temperature would assist the CVD reaction. It should, h?wever, be 
noted that fulfilment of the thermodynamic criteria alone does not always ensure successful 
deposition of a coating. Reaction kinetics also need to be considered. 
2.1.4 Reaction Kinetics 
A CVD reaction is also governed by kinetics - the rate at which the chemical reaction will 
proceed. For the purpose of this section, only heterogeneous CVD reactions will be 
considered unless otherwise stated. Such reactions involve five deposition steps that take 
place in the chronological order listed below and shown schematically in Figure 2.1. 
1. Diffusion of the reactant gases, from the bulk gas stream, through the gas boundary layer 
to the substrate. 
2. Adsorption of the reactant gases on to the substrate surface. 
3. Atomic and molecular surface diffusion and chemical reaction on the substrate surface. 
4. Desorption of the by-product gases from the substrate surface. 
5. Transport of the by-product gases, away from the substrate, through the boundary layer, 
back to the bulk gas stream. 
The slowest of these steps will determine the rate at which deposition takes place. Steps 1 
and 5 are non-activated mass transport processes which are characterised by a low activation 
energy, EA (usually about 20 kJ mor1) while the other steps (2, 3 and 4) are activated surface 
processes which are distinguished by a much higher activation energy (usually in the range 
100 to 300 kJ morli471. In the majority of heterogeneous CVD reactions, the resistance to 
deposition is composed of contributions from both mass transport and surface reaction 
controlled regimes. However, one regime generally dominates and its influence is assumed 
to be tota1[321. In homogeneous CVD reactions, a gas phase nucleation regime dominates. 
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In most CVD reactors, the Reynolds number (Re), which characterises the flow of a fluid, 
generally indicates laminar flow. In tubular CVD reactors, laminar flow exists at Reynolds 
numbers less than 2000. With laminar flow, the velocity of the gas at the inner wall of the 
coating chamber is zero. The velocity boundary layer is that region in which the gas flow 
velocity changes from zero at the wall to essentially that of the bulk gas stream away from 
the wall, the latter being dictated by the pressure drop between the reactor inlet and outlet. 
This boundary layer starts at the inlet of the coating chamber and increases in thickness until 
the flow becomes stabilised. The distance from the coating chamber entrance required to 
reach stability depends on gas viscosity, gas flow rate and reactor diameterl481. The reactant 
gases flowing above the velocity boundary layer have to diffuse through it to reach the 
deposition surface, as shown in Figure 2.1. The thickness of this boundary layer (a) is 
inversely proportional to the square root of the Reynolds number as follows 
a = ~:e 
where x = Distance from inlet in direction of flow 
, pul 
Re = -
TJ 
p=Density 
u = Linear gas flow velocity 
I = Characteristic length 
TJ = Viscosity 
This means the thickness of the velocity boundary layer increases with decreased gas flow 
velocity and, as stated previously, with increasing distance from the coating chamber inlet. 
The latter is evident from the typical velocity profiles shown in Figure 2.2. The concept of a 
velocity boundary layer applies to most CVD processes in the viscous flow range where the 
total pressure is relatively high. In cases where the total pressure is low, the concept may no 
longer be applicable[401. 
A thermal boundary layer, similar to a velocity boundary layer, can also be formed. This is 
because the flowing gases heat up rapidly as they come in contact with the hot surface of the 
reactor walls but the bulk gas stream further away in the centre of the reactor takes longer to 
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heat. This results in a steep temperature gradient. The distance required to reach a final 
uniform temperature profile (thermal entrance length) depends on the gas flow, gas thermal 
conductivity and reactor diameter[481. It also possible to form a concentration boundary layer. 
As reactants enter the coating chamber, the chemical reaction at the coating chamber wall 
results in depletion of the reactant and formation of by-products, leading to a reactant 
concentration boundary layer similar in profile to a velocity boundary layer. However, rather 
than a steady profile forming as in a velocity boundary layer, the reactant becomes more 
depleted with increasing distance along the coating chamber. 
In the mass transport controlled regime, the deposition rate can be expressed as follows[491: 
T2 u 2 
( 3J 1 Deposition Rate et; p ( J (Cb - Cs) 
where T = Deposition temperature 
P = Total deposition pressure 
u = Linear gas flow velocity 
v = Kinematic viscosity 
Cb = Concentration of reactant in the bulk gas stream 
Cs = Concentration of reactant on the substrate surface 
The rate of transportation of reactant species to the growing surface in this regime is much 
smaller than the actual consumption rate of the reactant on the substrate surface. Therefore, 
it may be assumed that Cb is much larger than Cs. The growth rate then becomes linearly 
proportional to the reactant concentration in the bulk gas flow (considering the other 
parameters to be constant) and therefore suggests that areas within the reactor which obtain a 
more abundant supply of reactant form a thicker coating in a mass transport controlled 
regime. Consequently, the deposition rate can vary over the substrate surface since the 
regions having the most abundant supply of reactant gas (Le. ridges and edges) will achieve 
higher deposition rates. Surface reaction control is therefore preferred in most CVD 
processes because coatings of more uniform thickness and composition can be produced, 
even on substrates of complex shape. 
The effect of various parameters on determining in which regime a CVD reaction will 
operate will now be discussed. One such parameter is the linear gas flow velocity. At low 
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gas flow velocities, the mass transport controlled regime is favoured but as the gas flow 
velocity is increased, the velocity boundary layer thickness decreases (since it is inversely 
proportional to the Reynolds number), reactant diffusion to the substrate surface takes less 
time and therefore the surface reaction controlled regime is approached, as shown in Figure 
2.3. 
The deposition temperature also affects in which regime a CVD reaction will operate, as 
illustrated in Figure 2.4. It is clear, from this figure, that the surface reaction controlled 
regime is favoured at low deposition temperatures, and the mass transport controlled regime 
at higher deposition temperatures. If the deposition temperature is increased then the rate of 
the surface reaction also increases since the chemical reaction is thermally activated. The 
increase in surface reaction rate continues with increasing temperature until the bulk gas 
stream cannot supply enough reactant through the velocity boundary layer to feed the 
increased surface reaction rate. Therefore, at higher deposition temperatures, diffusion 
through the velocity boundary layer becomes the deposition rate limiting process and hence 
the mass transport controlled regime is entered. However, if the deposition temperature is 
increased even further, a gas phase nucleation controlled regime can also exist. This regime 
occurs because the reactants flowing through the CVD reactor are heated to such high 
temperatures that gas phase reactions take place leading to particle formation in the gas 
phase. 
The total deposition pressure also has an effect on which regime a CVD reaction will operate 
in. Lower total deposition pressures favour the surface reaction controlled regime for two 
reasons. Firstly, the velocity boundary layer will be decreased in thickness such that the 
diffusion time of the reactant to the substrate surface will become less and secondly, since 
the rate of diffusion of the reactant is inversely proportional to the total deposition pressure, a 
decrease in the total deposition pressure results in an increase in the rate of diffusion. This is 
the reason why the so-called low-pressure CVD (LPCVD) technique is used in many 
production processes. 
Another parameter that effects the deposition regime is the choice of precursor. By simply 
increasing the thermochemical stability of the precursor the surface reaction controlled 
regime is shifted to higher temperatures[471. 
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2.1.5 Coating Structure 
The actual coating morphology that develops during a CVD process is the result of a 
complex sequence of atomic migration events on the substrate surface which lead to 
observable nucleation and growth processes(41), as shown in Figure 2.5. 
Atoms are adsorbed on the substrate surface and may, subsequently, desorb from the 
substrate surface, diffuse into the substrate, diffuse on the substrate surface or be etched 
away by vapour species. Embryos of the coating are formed at those substrate locations 
where the residence time of the atoms is long (i.e. at steps and grain boundaries). The 
embryos capture both surface diffusing atoms and atoms from the gas phase until a stable 
nucleus is formed. The stable nuclei grow, at the expense of unstable embryos, both 
vertically and laterally until an intact layer is formed by coalescence. After an incubation 
period, the nucleation density increases rapidly to a steady-state value(47). 
The nucleation stage is the most critical process step in CVD processes since it strongly 
affects the final phase, grain size and defect content of the coating and thus its properties. 
For growth on foreign substrates (i.e. when the coating and substrate material are dissimilar), 
the substrate itself may increase the driving force of the deposition process as long as it is 
exposed to the vapour. An increased driving force usually results in a higher deposition rate, 
higher nucleus density and subsequently finer grains in the first layer. For growth of a 
second layer, secondary nucleation is needed. Since the driving force of the deposition 
process is now reduced (no substrate influence), the deposition rate decreases and larger 
grains are obtained. 
A variety of coating structures may eventually be formed, including single crystal, coarse and 
fine-grained polycrystalline, epitaxial and amorphous structures. When the nucleation rate is 
high, many embryos will be formed and a fine· grained coating results. However, if the rate 
of nucleation is suppressed, conditions favourable to single crystal growth are fostered. In 
addition to these structures, platelets, whiskers and dendrites may also be formed. Where a 
continuous, solid coating is required the latter structures and gas phase nucleation are 
naturally to be avoided. It should be noted that gas phase nucleation gives rise to powdery 
deposits which can become incorporated into the coating and lead to reduced coating 
performance. In the case of severe gas phase nucleation, no solid coating will be formed 
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since all the gaseous reactant is used in the gas phase reaction. 
Polycrystalline CVD coatings can be broadly divided into three major structural types as 
shown in Figure 2.6. It is possible to control their nature by manipulation of deposition 
parameters such as temperature, pressure and reactant concentration[40]. Low total pressure 
favours surface reaction control and under these conditions, CVD structures tend to be fine-
grained which is usually a desirable condition. Fine-grained structures may also be obtained 
at low deposition temperatures and high reactant concentrations. At higher temperatures, 
coatings tend to be columnar as a result of uninterrupted grain growth toward the reactant 
source. Columnar structures are usually undesirable since the deleterious effects of grain 
growth can lead to structural, chemical and electrical anisotropy and the rapid diffusion of 
impurities along the grain boundaries. The coating structure is also often dependent on the 
thickness of the coating. For instance, grain size will increase as the thickness of the coating 
increases. 
2.2 Tungsten Carbide Coatings Deposited by CVD 
In order to facilitate a more ready comparison of the temperatures, pressures and thicknesses 
referred to in this section, values will be quoted in cC, atm and Jlm respectively. Values 
quoted by the original investigators have been converted to these units whenever necessary. 
2.2.1 Tungsten Carbide Coatings Deposited from WCI6 
Teyssandier et al. [35] attempted to predict the deposition conditions needed to chemically 
vapour deposit the monocarbide WC from a WCI6-hydrogen-CH! gas mixture at 1 atm and 
1527°C, utilising the reaction given in equation 2.7 below; the hydrogen reducing the WCl6 
and the CH! decomposing to provide carbon for carburisation. 
...... (2.7) 
They predicted that if the initial partial pressure of the WCl6 was in the range 10.3 to 
10.1 atm, monocarbide WC would be deposited if the ratio ofWCI6:CH! was equal to unity, 
and further, if the initial partial pressure of the WCl6 reached 0.34 atm, pure monocarbide 
WC deposition would take place over a wide range of partial pressures of CH! (3 to 10-6 atm) 
and also if the ratio of WCI6:CH! was always less than unity. Predictive work was also 
conducted by the researchers into the effect of different chlorides (WCI6, WC4, WCh) in the 
initial gas phase. They reported that no change in the nature or amount of condensed phase 
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occurred as a result of using different chlorides and consequently concluded that the 
composition of the condensed phase was only a function of the amount of transported 
tungsten. It was also suggested that the amount of condensed phase would be strongly 
dependent on the input gas phase ratio WCI6:CH!. They additionally projected that the 
deposition domain for monocarbide WC was very narrow and that the chemical reaction 
leading to the formation of WC occurred with the complete consumption of the minor 
constituent (WCI6 or CH!). Regrettably, at the time Teyssandier et al. carried out their work 
very little published experimental work in this field was available for comparison with their 
predictions. 
Fitzsimmons and Sarin[SOI also performed thermodynamic equilibrium calculations for a 
WCI6-hydrogen-CH!-argon gas mixture in order to predict deposition conditions that would 
yield monocarbide WC, again utilising the CVD reaction given in equation 2.7. The 
thermodynamic equilibrium calculations were performed using the Solgasmix-PV computer 
program at varying partial pressures of WCI6, hydrogen, CH! and argon in order to predict 
which conditions to use in their subsequent experimental work. CVD phase diagrams were 
constructed for the WCI6-hydrogen-C~-argon gas mixture at 0.026 and 0.26 atrn and at 
temperatures ranging from 500 to 1200°C. The diagrams were simply a plot of equilibrium 
condensed phases as a function of CH! and WCI6 concentration as shown in the example 
given in Figure 2.7. 
Their work suggested that the deposition of WC from the WCI6-hydrogen-CH! gas mixture 
was possible under certain deposition conditions although the deposition domain for WC 
was very narrow, which agrees with the work of Teyssandier et al.. It was also apparent that 
the WC deposition region expanded with increasing temperature, and further that as total 
deposition pressure increased the WC phase region shifted towards higher CH! 
concentrations. Additionally, the upper limit of the WC region was predicted to be 
independent of the WCI6 concentration at low tungsten concentrations. It is difficult to 
compare the predictions ofFitzsimmons and Sarin with those of Teyssandier et al since the 
latter work was carried out at 1 atrn and 1527°C. 
Fitzsimmons and Sarin carried out their deposition experiments in a hot wall CVD reactor. 
The reactor was flushed with argon during heating while hydrogen flowed through the 
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reactor for 10 minutes prior to deposition to reduce any oxides that may have been present. 
The aforementioned gases and the CH! were metered through mass flow rate controllers. 
WCI6 was generated in-situ by passing chlorine over tungsten chips. The authors decided to 
employ conditions in their experiments which were predicted to yield WC + carbon 
according to their phase diagrams. The mole fractions ofWCI6 and CH! used were 0.00236 
and 0.00708 respectively while the total deposition pressure was 26 x 10-3 atm and the 
deposition temperature was varied. 
All the coatings deposited were first characterised by XRD for phase identification and then 
by optical and electron microscopy. The coatings utilised for XRD were deposited on 
molybdenum substrates to avoid substrate interference while the coatings used for 
microscopy were deposited on WC-cobalt substrates. At deposition temperatures less than 
500°C, above 850°C and greater than 950°C phases with crystal structures similar to W 30, a 
mixture ofW2C and WC, and hexagonal WC were respectively obtained. A typical fractured 
cross-section of the WC coating showed coarse columnar grains. The XRD pattern for this 
coating revealed M02C which indicated an excess of carbon as suggested by the researcher's 
CVD phase diagram. When WC was deposited on molybdenum, the authors suggested that 
the tungsten and molybdenum would compete for the available carbon and that a deficiency 
in carbon concentration would result in W2C and M02C being formed rather than WC and 
molybdenum. For this reason the reactant concentrations were chosen on the carbon rich 
side to allow M02C formation without creating a carbon deficiency. Fitzsimmons and Sarin 
also reported that, unlike the group IV transition metal carbides (like TiC) which can retain 
their cubic structure over a range of carbon contents, tungsten carbide cannot exist as a 
monocarbide if it is non-stoichiometric. They suggested that WC could not be deposited 
below 900°C as a result of the slow decomposition rate of CH! and the increased stability of 
hydrocarbons in the gas phase_ 
In their work, Mantle et al. [36] utilised a WCI6-hydrogen-CH! gas mixture in an attempt to 
produce a pure monocarbide WC coating. They employed a vertical, hot wall CVD reactor. 
Gas flow to the reactor coating chamber was via two supply lines: argon/chlorine and 
hydrogen/CIWargon. The gas flows were metered using simple regulating valves and glass 
flow meters. The reactor consisted of two vertically-mounted concentric fused silica tubes. 
The inner tube, which served as the tungsten chloride generator, contained high purity 
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(> 99.98 %) tungsten wire cut into small pieces. The hydrogen/CJWargon gas mixture and 
the WCl6 gas were mixed at the generator outlet prior to passing over the substrate. A two 
zone resistance furnace was used to control the temperature of the generator and the 
substrates to be coated. In order to establish the optimum conditions for the production of 
WCI6, Mantle et al. conducted several tungsten chlorination experiments. The parameters 
considered included the tungsten packing arrangement, the temperature profile in the 
generator, the operating pressure and the relative argon and chlorine gas flow rates through 
the generator. The optimum chlorination conditions to yield a chlorine:tungsten ratio of 
6.2 ± 0.5 (Le. WCI6) were established at a temperature of 1000°C with a pressure of 
0.02 atm, a chlorine flow rate of 60 cm3 minute·· and an argon flow rate of 60 cm3 minute·l • 
The deposition temperature was limited to the range 900 to 1150°C by their experimental 
arrangement. However, it was found that if the gas mixture was heated to approximately 
1100°C, WCh was formed. 
Mantle et al. conducted several experiments to determine the influence of the following 
parameters: the type of substrate, the experimental procedure, the geometrical arrangement in 
the reactor and the relative gas flows in terms of the reactant concentration and gas velocity. 
Most of the experiments limited the substrates used to either cemented carbide or cemented 
carbide with a chemically vapour deposited TiC pre-coating. They found that it was not 
possible to obtain pure monocarbide WC coatings on either type of substrate unless a W2C 
(or perhaps tungsten) coating already existed on the substrate. It is implied that the W2C (or 
perhaps tungsten) coatings were deposited on the substrates inunediately prior to the 
deposition of WC. The formation of an intermediate W2C coating did not appear to result 
from an excess of WCl6 at the beginning of deposition since experiments involving the 
"delayed" introduction of chlorine to the WCl6 generator gave the same results. However, if 
the introduction of chlorine to the WCl6 generator was delayed then there would have been 
no gaseous source of tungsten available for deposition and consequently no tungsten-based 
coating. Therefore it is felt, by the present author, that when the authors use the term 
"delayed" they mean that there was a gradual increase in the Ch flow rate until the desired 
deposition flow rate was reached. Under certain conditions it was found that the change 
from W2C to WC would occur randomly during a coating run. Alternatively, it could also be 
induced by changing the deposition conditions during an experiment. 
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When Mantle et al increased the C14 concentration during an experiment, three regions 
could be distinguished in the coating. Nearest to the substrate was an almost homogeneous 
zone which was felt to be W2C and tungsten. In the second region, rings of WC became 
apparent which were thought to be at the grain boundaries of the W2C grains. These rings 
became larger and eventually formed a third layer of WC. Similarly, three distinct layers 
were formed when the Ch concentration was decreased during an experiment. However, in 
this case the third layer reverted to a mixed layer of W2C and WC after a layer of WC only. 
The authors suggested that the formation of the intermediate layers could have arisen from 
the nucleation mechanisms involved in the process but that it was more likely that they arose 
as a result of the gas mixing and flow patterns in the reactor. Repeating a coating run at one 
of the conditions found to yield a pure monocarbide WC coating during a multi-layer 
experiment did not provide a pure monocarbide WC coating. Furthermore, the growth rates 
of the coatings were quite different. The overall growth rate in the former case was I I1m 
minute-I whereas in the latter the growth rate was only 0.1 I1m minute-I. The authors 
concluded that it would be unlikely that a WC coating could be deposited on other substrates 
unless they were particularly good carbon donors. 
In their work in this area, Roman et al. [37] used a vertical, down-flow CVD reactor with a 
quartz reactor coating chamber. In contrast to the workers previously cited in this section, 
Roman et al. utilised a WCI6-C14-argon gas mixture. The reactant gases were purified and 
dried before they were mixed prior to entering the reactor coating chamber. The supply of a 
controlled amount of WCI6 was maintained by regulating its evaporation temperature in the 
range 180 to 250°C. In order to aid adhesion of the coatings and to prevent the possibility of 
chlorination of the substrate during deposition, an interlayer of pure tungsten was first 
deposited on the substrates. This interlayer was deposited by varying the deposition 
temperature and introducing hydrogen as a reducing agent in the gas mixture. Subsequent to 
interlayer deposition, the researchers investigated the effect on the coating of deposition 
temperature over the range 450 to 750°C and of C14:WCI6 partial pressure ratio over the 
range 1:1 to 30:1. It was established, by XRD, that coatings with constitUtions of tungsten + 
W2C, W2C + WC, and WC were deposited at deposition temperatures of 500 to 550°C, 550 
to 670°C and 670 to 720°C respectively. At deposition temperatures above 720°C, gas phase 
nucleation took place and elemental carbon became incorporated into the coating and 
therefore coatings containing WC + carbon were deposited. It was also noted that the growth 
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rate of the coating decreased at deposition temperatures above 720°C because of the gas 
phase nucleation. The C~ content also affected the tungsten carbide phase formed. With 
partial pressure ratios ofC~:WCI6 of < 3:1, 3:1 to 9:1, 9:1 to 20:1 and> 20:1, coatings with 
phase constitutions of tungsten + W2C, W2C + WC, WC and WC + carbon respectively were 
deposited. Microhardness measurements, performed with a Knoop indentor under loads of 
0.2 to 0.5 N, indicated that WC coatings had a hardness of21 GPa while W2C coatings had a 
hardness of 30 GPa. W2C + WC coatings exhibited microhardness measurements ranging 
from 21 to 27 GPa as the W2C content increased. A coating deposited under "optimal 
conditions" appeared to replicate the contours of the substrate surface very well. No 
preferred orientation was detected in coatings deposited under these conditions, however, the 
coatings did reveal a microstructure of alternating light and dark layers thought to be caused 
by the incorporation of carbon during the deposition process. Hard alloy tips, IN-20 and 
KNT-16, coated with 5 to 8 I1m of WC demonstrated "working characteristics" improved by 
270 to 300 % when machining cast iron (SCh20) and steel (45). 
Other areas of research involving the WCI6 route for the CVD of tungsten carbide and 
tungsten have been reported in the literature but are not directly relevant to the current work 
and will therefore only be mentioned briefly. Tang et al. [SI] investigated the WCl6 route for 
the deposition of ultra-fine WC powders, whilst mrrsta and Carlsson[52] reported on the 
WC16 route for the deposition of tungsten in very large scale integrated circuit (VLSl) 
applications. Reviews in this area have been presented by other authors[33. 48. 53]. 
2.2.2 Tungsten Carbide Coatings Deposited from WF6 
After a detailed survey of the pertinent literature, it became apparent that previous work in 
this area could be divided into three main groups: that associated with Fulmer Research 
Institute Ltd., that published by Garg and co-workers and a miscellaneous collection of other 
research work. 
Work Associated with Fulmer Research Institute Lld. 
In his founding work, Archer[29] utilised the WF6 route to investigate the CVD of tungsten 
carbide coatings, using hydrogen as a reducing agent and various carbon sources including 
C~6, toluene, xylene, carbon monoxide, methane, ethane, propane, butane, ethylene and 
acetylene. The former was, however, predominantly used. He employed a vertical, Iow 
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pressure, up-flow CVD reactor with a sodium hydroxide (NaOH) and a liquid nitrogen trap 
on the exhaust end for this work. The WF6 reactant gas was metered from a cylinder by 
means of a mass flow meter, while the CJI6 vapour was introduced into the reactor coating 
chamber by passing a stream of argon through liquid C~6 maintained at a controlled 
temperature. Deposition temperatures from 300 to 700°C and total deposition pressures in 
the range 0.007 to 0.66 atm were employed. The latter were maintained by restricting the 
speed of a rotary pump attached to the reactor exhaust end. Archer found that the reaction 
between WF6, hydrogen and C6H6 at deposition temperatures ranging from 500 to 700°C 
yielded predominantly W2C coatings (> 90 % W2C) and that the formation of metallic 
tungsten from WF6 was inhibited by, not only the C6H6, but also by toluene and xylene even 
at quite Iow concentrations, although C~ resulted in higher deposition rates. At deposition 
temperatures of 500, 600 and 700°C, typical deposition rates employing C6H6 were found to 
be approximately 0.7, 1.6 and 3.1 flm minute-' respectively. No trace of WC phase was 
detected in the coatings even when large excesses of hydrocarbon were used. The reason for 
W 2C dominance was unknown; deposition of either W 2C or WC was considered possible at 
the temperatures investigated. It was, however, suggested that kinetic factors favoured the 
formation of W 2C. At Iow total deposition pressures « 13 X 10.3 atm), nucleation of the 
W2C coatings was found to become problematic. In order to aid nucleation, Archer 
sometimes increased the total deposition pressure to around one atmosphere. Coating 
growth would then continue at much lower pressures. Substrate surface preparation was also 
established to be an important factor in coating nucleation, together with reactant gas partial 
pressure and reactant gas mixture temperature. It was found that nucleation did not occur on 
highly polished surfaces and that a coating did not form when a cold reactant gas mixture 
impinged on a hot surface, but that nucleation began as the gases slowly attained the same 
temperature as the hot surface. 
Archer reported that the ability of the tungsten carbide coatings to adhere to a substrate was 
governed by the reactivity of that substrate to the reactant gas mixture. If the substrate 
reacted with the gas mixture then a thin layer of non-adherent material became interposed 
between the substrate and the coating resulting in poor coating adhesion. On this basis he 
suggested that good tungsten carbide coating adhesion would be expected on materials inert 
to the reactant gas mixture like nickel, molybdenum and rhodium while iron was borderline. 
This was confirmed experimentally; patchy coating adhesion was frequently observed on 
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steel substrates while good adhesion was observed on nickel substrates. Consequently, 
Archer employed thin nickel layers « 1 I1m) to facilitate adhesion between the tungsten 
carbide coatings and steel substrates. Unfortunately, the nickel interlayers used consisted of 
a large number of small nodules, each based on a nucleation centre, the tungsten carbide 
coating subsequently deposited being found to nucleate on these nodules. As a result, any 
preferential nucleation site on the original steel substrate became doubly exaggerated so that 
a very pronounced nodule became apparent on the tungsten carbide coating surface. 
However, Archer discovered that the size of these nodules could be reduced if the 
composition of the reactant gas mixture was adjusted to give a slow and stable coating 
growth rate. This was most readily achieved by reducing the WF6 and C~6 concentrations. 
Obviously, the surface nodules influenced the ability of coated steel samples to be polished 
or lapped and hence it was desirable to further minimise their size. To this end, Archer 
initially grit blasted or etched the steel substrates to promote many small nucleation sites and 
thereby provide a uniformly active nickel coating on which to deposit the tungsten carbide 
coatings. The as-deposited tungsten carbide coating surface finish was found to vary from 
0.3 to 2.5 I1m Ra depending on the partial pressure of WF6. This range was thought to 
primarily reflect the density of the nodular features of the coating since scanning electron 
microscope (SEM) micrographs of the intrinsic tungsten carbide coating surface revealed 
that it did not vary greatly. Surface finishes better than 0.1 I1m Ra could be achieved by 
subsequent diamond lapping of the coatings. 
A cross-section through a representative W2C coating revealed that, in general, the W2C 
coatings were free from voids and had a pronounced colurunar grain structure, with grain 
sizes of typically 1 I1m parallel to the substrate surface and up to 10 I1m perpendicular to it. 
Coating hardness measurements yielded on average values of 2300 HV with a standard 
deviation of 250 HV. Electron probe microanalysis across the coating/substrate interface on 
a typical cross-section failed to detect diffusion over any significant distance (i.e. > 0.5 I1m). 
This was not unexpected given the quite low deposition temperatures employed. It was 
suggested that the absence of a diffusion bond ruled out the application of the W 2C coatings 
to demanding applications such as cutting tools and that failure of the coatings in these 
applications was always adhesive. Satisfactory results from the W 2C coatings were, 
however, obtained in applications requiring an abrasion resistant surface, such as an air plug 
gauge. 
23 
The Low Temperature CVD of Tungsten Carbide Literature Survey 
In a continuation and extension of the founding work on CVD tungsten carbide coatings 
deposited via the WF6 route carried out by Archer, Archer and Yee(28. 54) established, for 
deposition temperatures less than 500°C, that an excess of carbon in the reactant gas mixture 
resulted not in the deposition of WC coatings, but rather in poorly adherent coatings. They 
further established that when the reactant gas mixture tungsten:carbon molar ratio was set to 
the stoichiometric value of 2:1, in order to try to form W2C coatings, another phase was 
additionally formed. XRD patterns obtained for coatings deposited at temperatures below 
500°C and with a reactant gas mixture with a tungsten:carbon molar ratio of 2: I suggested 
that W 30 was the additional phase present. It was later proposed, for varions reasons, that 
this additional phase was in fact W3C, which has same cubic crystal structure as W30. The 
formation of this phase was subsequently found to be favoured by deposition at total 
pressures below 0.2 atm and with reactant gas mixtures with tungsten:carbon molar ratios 
between 3: 1 and 6: 1. Further study of the effect of total deposition pressure showed that the 
coating deposition rate varied almost linearly with increasing total deposition pressure up to 
0.4 atm, but then passed through a maximum at a pressure of approximately 0.66 atm. 
Archer and Yee suggested that this was due to a local build-up in concentration of the HF by-
product gas. They propounded that low deposition temperatures and total deposition 
pressures favoured smoother coatings and found that the reactant gas mixture most suitable 
for forming such coatings had a tungsten:carbon:hydrogen molar ratio of approximately 
1.5: 1 : 1.7. The excess hydrogen was considered necessary in order to restrict the growth of 
the surface nodules. Initially, the surface roughness of the substrate was replicated on the 
W2C + W3C coating surface, but as coating growth continued the inherent roughness of the 
coating dominated. 
Adhesion of the W 2C + W 3e coatings to steel substrates pre-coated with a layer of nickel 
was qualitatively assessed by bend tests. Coated samples were bent until some proportion of 
the coating became detached, the angle at which this occurred being taken as an indication of 
adhesion. It was thus established that an electroless nickel layer was comparable to an 
electroplated nickel layer in terms of aiding tungsten carbide coating adhesion to the steel 
substrates. However, the tests also revealed that the roughness of the substrate was an 
important factor in adhesion. Substrates roughened to 1.3 I1m Ra by grit blasting were much 
superior to those abraded with SiC paper or those which had been chemically etched. Like 
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the aforementioned W2C coatings deposited by Archerl29), the W2C + W3C coatings were 
found to exhibit columnar grain structures. Intemal stresses led to lateral cracking within 
W2C + W3C coatings that were thicker than 50 I1m whilst in the case of the W2C coatings the 
corresponding figure had been established to be greater than 100 I1m(29). Occasionally, 
banded structures were obtained in the W2C + W3C coatings which appeared to correspond 
to renucleation during coating since it was possible to induce the same effect by interrupting 
the deposition process. The W2C and W3C phases were indistinguishable by their hardness, 
both having hardnesses in the range 2000 to 2500 HVo 1. A range of wear tests were carried 
out by Archer and Yee on the W2C and the W2C + W3C coatings on steel substrates. They 
showed that both coatings were most valuable in situations where hardness was of more 
importance than toughness. The coatings were harder than sintered tungsten carbide-cobalt 
cermets but were correspondingly more brittle. Consequently, when the coatings were 
subjected to repeated, heavy loading, they tended to fracture and flake as the 
coatinglsubstrate bond failed at the same time as the brittle coating. 
Archer's founding research(29) was also continued by Lewin and Hayman[30. SS) although they 
IIsed argon, heliwn and nitrogen as dilllent gases and employed sllbstrlltes inclllding sintered 
tungsten carbide, carbon fibres and powders (not specified) in a fluidised bed. Tungsten 
carbide coating deposition temperatures ranged from 400 to 1000°C but temperatures 
between 500 and 900°C were preferred as temperatures below 500°C yielded low deposition 
rates. Lewin and Hayman found that it was possible to chemically vapour deposit two types 
of coating: tungsten carbide and a mixed tungsten carbide + tungsten coating. The latter was 
formed when the total amount of combined and free hydrogen present in the gas mixture was 
less than that required for the theoretical complete conversion of WF6 to HF whereas the 
"pure" tungsten carbide coating was formed when sufficient hydrogen was present in the 
reactant gas mixture to allow for the complete theoretical conversion of the combined 
fluorine in the WF6 to HF. Analysis revealed that the carbides formed in both types of 
coating were in the form of either WC or W2C. However, in order to produce the latter 
carbide, twice as much hydrogen as WF6 was needed. Analysis also revealed that the "pure" 
tungsten carbide coatings contained 10 wt. % or less elemental tungsten whilst the mixed 
coatings contained 50 wt. % or more elemental tungsten. In order to ensure that essentially 
no free carbon was present in either type of coating, it was found necessary to keep the 
reactant gas mixture carbon:hydrogen molar ratio sufficiently low and further, to have a 
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reactant gas mixture tungsten:carbon molar ratio of between 1:1 and 2:1. Lewin and 
Hayman noted that tungsten carbide had a relatively low chemical stability and that therefore, 
during CVD, there was a strong tendency to produce tungsten metal and carbon rather than 
tungsten carbide coatings. 
In general, both types of coating deposited were found to be coherent and adherent to 
suitable substrates, such as nickel or molybdenum. However, with certain substrates, for 
example mild steel and other steels, the prior deposition by, for instance, chemical or 
electrolytic means, of a layer of nickel or cobalt was found to be advantageous in providing 
better adhesion. It was established that the tungsten carbide + tungsten coating was softer 
than the "pure" tungsten carbide coating, but was nonetheless considered to have a 
sufficiently high hardness to be of commercial interest as a wear resistant coating. A 
hardness value of 2100 HV was measured for a 305 Ilm thick "pure" tungsten carbide 
coating deposited on a molybdenum substrate at a temperature of 900°C for a time of 2 h, at 
atmospheric pressure, using a reactant gas mixture with a WF6:C~6:hydrogen:argon molar 
ratio of6:1:15:10 and a total volumetric flow rate of3000 cm3 h· l • Corresponding hardness 
values for a coating deposited at 680°C for a time of 30 minutes on a nickel substrate ranged 
from 1400 to greater than 2000 HV. 
The CVD tungsten carbide coating process developed by Fulmer Research Institute Ltd., was 
employed by Creed and Jowett[34] to coat extrusion dies made from hot-work tool-steels of 
the Hll-H13 type (5 % Cr). Prior to tungsten carbide coating deposition, the dies were 
coated with a layer of electroless nickel and a thin layer of tungsten to aid adhesion. The 
tungsten carbide coatings were subsequently deposited from a WF6, C6H6 and hydrogen gas 
mixture according, it was thought, to the following reaction: 
2WF6 + ~C6H6 + 5MH2 ~ W2C + 12HF 
Creed and J owett suggested that the total deposition pressure and deposition temperature, 
particularly the former, were the main process parameters which influenced coating 
nucleation, but that some pre-heating of the gas mixture prior to its introduction to the 
coating chamber was also necessary to facilitate nucleation. At total deposition pressures 
(0.07 to 0.26 atm) normal for tungsten carbide coating growth, nucleation was inhibited and 
so the deposition process was initiated at higher total deposition pressures to promote 
nucleation. The tungsten carbide coatings deposited were found to be of the form W2C, with 
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little or no WC detected even when an excess of C6H6 was employed. A cross-section 
through one of the tungsten carbide coatings revealed a fine-grained needle-like columnar 
structure. It was found, however, that a change in structure occurred at a deposition 
temperature of approximately 600°C, above which a more rounded crystal structure was 
obtained. A totally needle-like coating structure was preferred but unfortunately at 
deposition temperatures between 500 and 600°C this fine-grained structure was sometimes 
interspersed with large isolated nodules, the presence of which was, again, believed to be 
related to the surface topography of the electroless nickel interlayer. The surface finish of the 
tungsten carbide coating was found to deteriorate as its thickness increased but, in general, 
was found to be smooth with isolated nodules. A reactant gas mixture with a 
tungsten·carbon:hydrogen molar ratio of approximately 1.5:1:7 was found to result in the 
smoothest coatings. Surface roughness measurements ranged between 0.25 and 2.5 Ilm Ra, 
varying with WF6 partial pressure. High hydrogen flow rates were found to restrict the 
presence of the surface nodules but did not eliminate them completely and therefore all 
coatings required polishing with diamond paste before extrusion took place. Internal 
compressive stresses were thought to be introduced into the tungsten carbide coating since 
they grew by means of enlarging columnar grains. Consequently, as the coating thickness 
grew, the internal stresses built-up and limited the coating thickness which could be attained 
before the coating broke up. Experience suggested that although coatings of thickness 50 to 
200 Ilm were self-supporting they would not withstand the extrusion process and therefore, a 
coating of thickness 25 Ilm was judged to offer a satisfactory compromise between coating 
cohesion and coating life. Typical coating deposition rates achieved were in the range 0.5 to 
3.0 Ilm minute·!, such that at the relatively low deposition temperatures used, a 20 Ilm thick 
tungsten carbide coating could be deposited in approximately 30 minutes. The hardness of 
the coatings was found to range from 2000 to 2500 HV. However, during tungsten carbide 
coating deposition, the electroless nickel layer was found to develop a hardness of about 
800 HV which helped to reduce the hardness gradient between the tungsten carbide coating 
and the steel substrate and hence aided adhesion. Creed and Jowett concluded that attaining 
consistent tungsten carbide coating adhesion was the greatest problem, but that in cases 
where the adhesion was adequate, the tungsten carbide coatings seemed to out-perform a 
nitrided die in terms of abrasion resistance, erosion resistance and extrudate quality. 
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Work by Garg and Co-Workers 
Quite extensive work concerning tungsten carbide coatings chemically vapour deposited via 
the WF6 route has also been published by Garg and co-workers. This encompasses CVD 
reactor design[561, coating deposition and coating characterisation, the application of tungsten 
carbide coatings to sharp-edged tools[57], pilot-scale CVD reactor modification[581, erosion 
testing of tungsten carbide coated substrates[59-611 and heat treatment of tungsten carbide 
coatings in order to improve erosion resistance[621. 
In their work, Garg and Kelly[561 considered the design of a CVD reactor for the deposition 
of tungsten carbide coatings from a WF6-dimethyl ether (DME, (CH3)20)-hydrogen gas 
mixture. Deposition experiments were carried out in a vertical, down-flow, induction-heated 
CVD reactor in which the reactor coating chamber was constructed from graphite and 
contained a central, solid, circular support plate from which various flat and disk-shaped 
substrates were hung. Although both ferrous and non-ferrous substrate materials were 
employed, stainless steel type AM-350 and titanium alloys of the type 
titanium/6aluminium/4vanadium were the predominant substrate materials used. All 
substrates used for characterisation were plated with a nickel interlayer to protect them from 
attack by the hot, corrosive deposition reaction by-product gases. A small, annular gap was 
left between the edge of the support plate and the reactor coating chamber wall to allow the 
gas mixture to escape. WF6, hydrogen, DME and argon diluent flow rates of 300, 3000, 40 
to 90, and 2000 cm3 minute-1 respectively were characteristic of flow rates generally used. 
Deposition temperatures were maintained below 500°C whilst total deposition pressures 
were maintained between 0.05 and 0.13 atrn. Coating times were variable. 
Adjustment of deposition temperature, total pressure and reactant gas mixture resulted in 
coatings with different compositions, microstructure, deposition rate, coating uniformity and 
mechanical properties. However, cross-sections through a "typical coating" on AM-350 
stainless steel demonstrated that it was very dense and free from voids and that two distinct 
layers were clearly visible within it. The inner coating layer was columnar tungsten whilst 
the outer layer consisted of a fine-grained lamellar mixture of tungsten and tungsten carbide 
(in the form W2C, W3C or mixtures ofW2C and W3C) phases[591. The latter is similar to a 
coating described by Bhat and Holzl[631. As the partial pressure of the carbon source (DME) 
was increased, Garg et al. found that the amount of carbon in the coating increased, however, 
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no oxygen was detected in the coating even though DME contains oxygen. The 
microhardness of the coating was measured using a 25 g load and gave readings ranging 
from 2361 RV at low carbon contents (approximately 5 at.%) to 2991 RV at high carbon 
contents (approximately 15 at.%). It was suggested by the researchers that the fine 
distribution of both tungsten and tungsten carbide in the tungsten carbide layer was 
responsible for the variation in hardness. The coatings were found to adhere extremely well 
to most carbon steel, stain1ess steel and titanium alloy substrates investigated (with the nickel 
interlayer). In fact, in the standard ASTM pull test[641, adhesion exceeded 11.7 MN m-2, 
while in a 180° bend test the coating showed little or no signs of spalling. 
Unfortunately, in some instances, the thickness on each individual substrate of coatings 
deposited at 475°C for a deposition time of one hour varied from 10 to 50 !lm. In order to 
analyse the cause of this tungsten carbide coating thickness non-uniformity, the gas flow and 
deposition temperature distribution within the reactor were simulated on a computer using 
commercially available software. An initial simulation showed that a large, stagnant, 
recirculating area of reactant gases existed, which was enhanced by convective heat transfer 
from the hot walls of the graphite reactor coatiPg chamber to the reactant gas stream. To 
attempt to achieve more uniform tungsten carbide coating thicknesses by eliminating this 
stagnant area, a distributor plate with uniform perforations was interposed downstream of the 
reactant gas inlet. The raison d'etre for this action was the belief that the area above the 
perforated plate would act as a manifold for distributing the reactant gas mixture. In 
addition, the solid support plate, from which the substrates were hung, was replaced with a 
perforated support plate. The perforated inlet distributor plate was found to eliminate the 
stagnant area of gas flow, however, a large proportion of the gas flow was predicted to pass 
through the centre perforations, resulting in a large axial velocity gradient in the reaction 
zone. This large velocity gradient was believed to cause boundary layers to develop 
differently on each substrate and therefore cause large variations in coating thickness. To 
improve the gas distribution further, the simulated inlet distributor plate was re-modelled 
with no perforations in the centre and larger perforations further from the centre. This 
arrangement was found to significantly improve the gas flow distribution and therefore the 
simulation was effected in an experiment. In a coating run at 460°C for a deposition time of 
90 minutes, using the optimum distributor plate design, a coating thickness of approximately 
38!lm with a typical variation of2!lm over a 5 cm length was achieved. 
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Garg et al. [57) have applied their tungsten + tungsten carbide coating to improve the wear 
resistant properties of sharp-edged tools, such as cutting tools. The nickel interlayer used to 
protect the underlying substrate from corrosion during the CVD process was deposited with a 
thickness in the range 0.05 to 2 ~m while the thickness of the inner tungsten coating layer 
and the outer tungsten + tungsten carbide coating layer ranged from 0 05 to 5 ~m and from 1 
to 5 ~m respectively. The application of a coating to pencil sharpener blades made from 
steel revealed that the tungsten + tungsten carbide coating did not degrade the sharpness of 
the cutting edges, helped retain the sharpness of the edges for longer and increased the life of 
the blades by four or five times more than the life of blades coated with hard chrome. In 
order to facilitate eventual deposition of their tungsten + tungsten carbide coatings in a 
production-scale, commercial CVD reactor, Kelly, Garg and Dyer[58) modified their pilot-
scale reactor to investigate the reaction kinetics and critical parameters that would be 
important in scaling-up the process. The coating deposition process was postulated to 
involve two simultaneous reactions, one for depositing the tungsten phase and the other for 
the tungsten carbide phase. These are shown below: 
WF6 + 3H2 ~ W + 6HF 
3WF6 + DME + 6H2 ~ W2C + WOF. + CH. + 14HF 
Experimental results revealed that the overall tungsten carbide coating deposition rate, by 
these postulated simultaneous reactions, was much slower than that of pure tungsten by the 
hydrogen reduction of WF6. The reaction rate for the overall tungsten carbide coating was 
found to have first-order dependence on WF 6 partial pressure, whilst that for tungsten 
deposition had one sixth order dependence. The results also showed the importance of 
carefully selecting the length, diameter and packing density of the reactor coating chamber 
and the range of WF6 partial pressures for uniformly depositing tungsten carbide coatings 
with the desired composition and layered morphology in a production-scale reactor. 
Garg et al. [59) investigated the friction and wear properties of their tungsten carbide coated 
(with nickel interlayer) and uncoated samples (substrate material, 422 stainless steel) in dry, 
humid, lubricated and non-lubricated environments using a balloon-disc tribometer with a Cr 
steel ball. It was thus established that the wear properties of the tungsten carbide coated 
substrates were superior to those of uncoated substrates and equivalent to those of uncoated 
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cemented carbide samples. The erosion performance of uncoated (AM-3S0 stainless steel 
and titanium/6aluminium/4vanadium) and tungsten carbide coated (with nickel interlayer) 
specimens was also tested in a miniature sand blast unit at two impingement angles. To 
accelerate the test procedure, fme alumina powder was used as the erosive material rather 
than sand. At both high (90°) and low (22.5°) impingement angles, the coated substrates 
outperformed uncoated substrates and were even found to outperform substrates coated with 
TiN by PVD, especially at the higher impingement angle. In addition, the researchers also 
disclosed results of high-cycle fatigue tests. It was found that the tungsten carbide coatings 
improved the high-cycle fatigue strength of the substrate by more than 50 %. 
Finally, Garg et al. [62], have described a method for heat treating their tungsten + tungsten 
carbide coatings. The coated substrates were heated to the temperature at which the coating 
was deposited, or not substantially above it, in a non-reactive atmosphere. The heat 
treatment temperature was established to be sufficient to confer a desired improvement in 
erosive and abrasive wear resistance in the outer tungsten carbide coating but did not result 
in significant degradation of the mechanical properties of the substrate or in the formation of 
intermetallic layers. It was thought that the increase in coating erosive and abrasive wear 
resistance was brought about by the elimination of any microstructura1 non-uniformities in 
the coating. For AM-3S0 stainless steel and titanium/6aluminium/4vanadium substrates, the 
use of heat treatment temperatures substantially above 500°C resulted in cracks in the 
coating and consequently poor overall performance. Numerous examples of various specific 
heat treatment procedures were cited. Heat treatment times of 12 h were not uncommon. 
Miscellaneous Collection o/Other Research Work 
In addition to their work on a WCI6-CHt-hydrogen-argon gas mixture, Fitzsimmons and 
Sarin[SO] also conducted thermodynamic equilibrium calculations for a 
WF6-C14-hydrogen-argon gas mixture in order to predict deposition conditions that would 
yield monocarbide WC utilising the reaction given below. 
WF6 + H2 + CH4 ~ WC + 6HF 
The thermodynamic equilibrium calculations were performed using the Solgasmix-PV 
computer program at varying partial pressures of WF6, hydrogen, C14 and argon in order to 
predict which conditions to use in their subsequent experimental work. CVD phase 
diagrams were constructed at 0.026 and 0.26 atm and at temperatures ranging from 500 to 
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1000°C. Trends in their predictive results were found to be comparable for the two gas 
mixtures that the researchers investigated. As the deposition temperature was increased, the 
deposition domain for the WC phase expanded for the WF6 system and as the total 
deposition pressure increased, the WC phase region shifted towards higher concentrations of 
CIiJ as with the WCl6 system. The upper limit of the WC domain was also predicted to be 
independent of the WF6 concentration at lower tungsten concentrations as it was predicted to 
be independent of the WCl6 concentration in the WCI6-CIiJ-hydrogen-argon gas mixture. It 
was also noted by the researchers that the WC deposition domain shifted to lower partial 
pressures of CIiJ when WF6 was used as a reactant rather than WCI6. 
The investigators used the same experimental arrangement and procedure as described 
previously for the WCI6-C~-hydrogen-argon gas mixture with conditions that were 
predicted to yield WC + carbon according to their CVD phase diagrams. The mole fractions 
of WF6 and CIiJ used in their experiments were 0.00165 and O.oI 10 respectively while the 
total deposition pressure was 0.026 atm and the deposition temperature was varied. Making 
use of the same characterisation procedure and substrate materials as described previously, 
the researchers discover<:d that at temperatures below 500°C a phase with a crystal structure 
similar to W30 was obtained. Such a phase was previously reported by Archer and Yee[2s. 54) 
and was claimed to be W3C. At a deposition temperature of 850°C, a mixture of W2C and 
WC was obtained and at deposition temperatures greater than 950°C, hexagonal WC was 
obtained. A typical cross-section through a WC coating deposited using the WF6 reactant 
gas mixture exhibited coarse columnar grains. However, a fractured cross-section of a WC 
coating deposited from a WF6-CIiJ-hydrogen-argon gas mixture using an unspecified, 
different set of process parameters displayed a fme, equi -axed grain structure. They 
suggested that the deposition of WC was mass transport controlled at higher deposition 
temperatures and that this phenomenon was found to be more limiting in the WF6-CIiJ-
hydrogen-argon gas mixture process than the WCI6-CIiJ-hydrogen-argon gas mixture process 
due to the increased reactivity ofWF6 compared with WC16. 
The aim of the work carried out by Tiigtstrom et al. [65) was to investigate the deposition of 
single phase WC coatings deposited from a WF6-C3Hs-hydrogen gas mixture. The influence 
of the substrate material on the deposition process was studied by thermodynamic 
calculations, as well as experimental studies, on four different substrates: silicon, SiC, 
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carbon and tantalum. The calculations were carried out using a Gibbs energy change 
minimisation technique on the reactions between the four different aforementioned substrates 
and the gaseous reactants. Values of Gibbs energy change for the silicon, SiC, carbon and 
tantalum substrate reactions with the gaseous reactants of -350.7, -255.2, -251.8 and 
-533.0 kJ mort, respectively, were calculated. Their subsequent deposition experiments 
were carried out in a horizontal, hot-wall CVD reactor designed for coating at very low total 
pressures. Prior to deposition the silicon, SiC, carbon and tantalum substrates were 
degreased and rinsed in methanol. The silicon and SiC substrates were also etched in a 10: 1 
solution of H20:HF to remove surface oxides. In most experiments, the substrates were 
placed perpendicularly to the gas flow. However, during experiments concerning the total 
deposition pressure, the substrates were placed parallel to the gas flow. The reactor coating 
chamber comprised a quartz tube pumped out by a diffusion pump. Total deposition 
pressures ranging from 0.013 x 10.3 to 0.66 X 10.3 atrn were obtained by throttling a gate 
valve. In order to minimise back diffusion of oil from the diffusion pump, a liquid nitrogen 
trap was placed between the reactor and the pump. The temperature gradient throughout the 
reactor was less than 25°C at a deposition temperature of 900°C. The gaseous reactants 
hydrogen, C3HS and WF6 had purities better than 99.9999, 99.95 and 99.98 % respectively 
and were fed into the reactor either through mass flow meters or via a gas mixing vessel. 
Prior to deposition, the internal walls of the gas mixing vessel were passivated by backfilling 
with WF6. The desired gas mixture was obtained by filling the vessel with one gas at a time 
and measuring the pressure with a manometer. Most experiments were performed with a 
partial pressure ofC3Hs:WF6 of 19:1 and a partial pressure ratio ofhydrogen:(C3Hs + WF6) 
of 1: 1. To reduce oxidation of the samples during heating and cooling of the reactor, a small 
flow of hydrogen at a pressure of33 x 10-6 atrn was applied. Since WF6 is a highly reactive 
molecule compared with most hydrocarbons, it was speculated by the researchers that this 
would lead to the premature deposition of tungsten (or tungsten-rich carbides) and 
consequently a depletion of WF6 in the gas phase when the reactants were transported 
through the reactor coating chamber. To investigate this, they deposited tungsten carbide at 
two different total deposition pressures on a large number of tantalum substrates placed at 
equi-distant positions in the reactor. 
The tungsten carbide coatings were characterised by XRD, XRF, X-ray photoelectron 
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spectroscopy (XPS), Raman spectroscopy and atomic force microscopy (AFM). By using 
XRF, the amount of deposited tungsten atoms cm·2 was measured and since silicon and 
carbon have negligible absorbency, the measurement was converted into a coating thickness, 
assuming the coating had an ideal density and uniform thickness. It was found that high total 
pressures (0.66 x 10.3 atrn) and low gas flow velocities (2.7 m S·I) yielded a high deposition 
rate of tungsten-rich phases (~-WCI ... W2C and metallic tungsten) at the inlet end of the 
reactor coating chamber. They suggested that the ~-WCI_x phase was frequently obtained in 
the PVD of tungsten carbide coatings but not usually in CVD. The deposition rate of the 
tungsten-containing coatings decreased strongly downstream in the reactor. In contrast, low 
total deposition pressures (0.13 x 10-3 atrn) and high gas flow velocities (7.4 m S-I) resulted 
in much more uniform deposition rate profiles. However, the deposition rate of the tungsten-
rich phases was reduced and no traces of J3-WCI-x were observed. In addition, a broad band 
for the deposition of single phase WC was obtained in the centre of the reactor coating 
chamber. 
The "best" coating quality was thought to have been obtained on the tantalum substrates. 
The experimental results showed that WC coatings could easily be deposited on tantalum in 
broad temperature and gas composition ranges. At 900°C, single-phase WC coatings were 
deposited from partial pressure ratios of C3Hs:WF6 ranging from 10:1 to 39:1. No free 
carbon was detected in the coatings by either Raman spectroscopy or XRD. Moreover, the 
XRD results suggested that TaC and Ta2C had been formed during the deposition process. 
The coating thicknesses ranged from 2.5 x 1017 to 1.0 X 1018 tungsten atoms cm-2 which 
corresponded to coating thicknesses of 500 to 2000 A, assuming an ideal coating density, 
after a total deposition time of 1 h. Finally, it was found that the WC coatings deposited on 
tantalum exhibited a smooth, nodular morphology and good adhesion. The researchers 
found that the deposition rate and phase composition of the tungsten carbide coatings were 
strongly affected by the substrate material. Severe substrate etching and the deposition of a 
mixture ofWSh, W2C, WC and J3-WCI-x was obtained on silicon substrates. The deposition 
rate was found to be relatively high (4 x 106 tungsten atoms cm-2) but, moreover, the coatings 
exhibited poor morphology and adhesion. In contrast, deposition experiments on amorphous 
carbon substrates showed that no tungsten-containing coating could be deposited while on 
the SiC substrate results confirmed that WC together with small amounts of the ~-WCI_x 
phase were deposited. However, the deposition rate on the SiC substrate was fairly low 
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(7 X 1015 tungsten atoms cm-2) although the coatings were smooth and exhibited good 
adhesion_ 
Bhat and Holz1[63) developed a hard wear resistant coating which was deposited using a 
proprietary technique known as controlled nucleation thermochemical deposition (CNTD) 
which is essentially the same as conventional CVD except that the former results in fine-
grained, equi-axed coatings_ A mixture of gases containing WF6, hydrogen and an organic 
compound containing carbon, oxygen and hydrogen was introduced into the reactor coating 
chamber along with a diluent gas and allowed to react at a suitable deposition temperature. 
Various steel substrates, in addition to aluminium, copper, nickel and titanium-based 
substrates were used while deposition temperatures ranged from 350 to 550°C. 
Characterisation of the coatings was carried out using an array of techniques including X-ray 
diffraction, TEM and microhardness testing which, together, revealed that the coating 
consisted of tungsten and tungsten carbide. The carbon content of the coating was measured 
using a gravimetric technique which showed that the carbon content of the tungsten + 
tungsten carbide coatings varied between 0.5 and 1.5 wt.%. It was thought that the coating 
was essentially, elemental tungsten in which a fme dispersion of tungsten carbide was 
present. Reference was made to the earlier work of Archer and Yee[28) in identifying the 
form of tungsten carbide present in the coating since X-ray diffraction patterns of the coating 
revealed that W3C peaks were present but were found to be slightly shifted to higher values 
of 29 than those published by Archer and Yee. It was thought that this was attributable to 
high compressive stresses in the coating. TEM showed that the coating consisted of 
extremely fme grains which were usnally in the range 100 to 500 A. It was observed that the 
carbide phase tended to segregate into clusters if the reaction was not rigorously controlled 
and that the nature of the carbide distribution was found to be influenced by process 
parameters. The microhardness of the coatings was in the range 1800 to 2800 HV 200. The 
adhesion of the coating to steel substrates was excellent when a thin nickel interlayer was 
used but the coating also exhibited micro-cracks which were initially thought to be a result of 
the mismatch in the coefficient of thermal expansion between the coating and the substrate, 
however, micro-cracks were also evident in a coating which was deposited on a graphite 
substrate. Crack widths were typically less than 1 /lm. It was believed that the internal stress 
of the coating could have been relieved to some extent by the micro-cracking. Erosion tests 
were carried out using a miniature sand blast unit while abrasive wear resistance was 
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measured using a slurry abrasivity tester. In erosion tests, the tungsten-W3C coating was 
shown to be over one order of magnitude better at resisting erosion from silica and alumina 
grit than cemented tungsten carbide (6 % cobalt binder). Abrasive tests revealed that the 
abrasive wear resistance of the tungsten-W 3C coating was nearly two orders of magnitude 
greater than that of an uncoated steel substrate and nearly three to eight times greater than 
that of plasma sprayed (99 % Cr203 coating) and detonation gun (approximately SO % WC 
coatings) type wear resistant coatings. It was postulated that the superior performance of the 
tungsten-W3C coating was a result of several factors including its fme-grained dispersion-
hardened microstructure, its high microhardness and its high internal compressive stress. 
Results of erosive wear tests on tungsten-carbon coatings deposited at higher deposition 
temperatures, using the CNTD process, by Stiglich and Bhat[66] revealed that the tungsten-
carbon coating was approximately four times more erosion resistant than C2 grade cemented 
tungsten carbide. 
In their work, Ichijo et al. [67] used a vertical, up-flow, low-pressure CVD reactor and reactant 
gases consisting of WF6, C6H6 and hydrogen while argon was used as a carrier gas for the 
C6H6 carbon donor. The effective coating zone, of the mass production scale process, was 
"450 x 1100 mm. X-ray diffraction analysis indicated that a W2C or W3C coating was 
produced, depending on the deposition temperature, according, it was thought, to the 
following reactions: 
12WF6 + C6H6 + 33H2 ~ 6W2C + 72HF (approx. 400°C or more) 
lSWF6 + C6H6 + 51H2 ~ 6W3C + 10SHF (approx. 300 to 500°C) 
In order to reduce the problem of thermal distortion of steel substrates at elevated deposition 
temperatures, the investigators decided to study the uniform deposition of W 3C further since 
it was formed at lower deposition temperatures. To evaluate coating thickness distribution 
and adhesion, nine test samples of" 30 x SO mm (AISI M2) were uniformly arranged in the 
effective coating zone. The steel substrates had a surface finish of Rn", 0.4 J.Im or less and 
were plated with a 4 J.Im thick electroless coating of nickel-phosphorus. It is unclear from 
the literature whether the surface finish was measured before or after the nickel-phosphorus 
coating was applied. The W3C coating thickness averaged 7.7 J.Im with a standard deviation 
of 0.7 J.Im. Coating adhesion was measured using a scratch adhesion tester and found to 
average 39.S N with a standard deviation of 2.4 N. The hardness of the W3C coating at 
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elevated temperatures in vacuum was compared to other coatings and surface treatments, in 
particular a chemically vapour deposited TiC coating. The W3C coating was shown to be 
softer than the TiC coating at all temperatures between room temperature and 700°C. 
However, a comparison of the oxidation rate of the TiC and the W3C coatings revealed that 
the oxidation rate of the W3C coating was far less than the TiC coating. For example, the 
W3C coating did not develop a oxide layer when heated in air to 400°C but the TiC coating 
\ 
yielded an oxide layer approximately 7.5 Il-m thick. Pin on disc wear tests suggested that the 
W3C coating exhibited a smaller wear rate than a TiN coating but not as small as a TiC 
coating. 
Iizuka and Komiyama[68) investigated the deposition of tungsten carbide into the pores 
(nominally 29 nm in diameter) of porous carbon particles (0.1 mm diameter) by the reaction 
of WF6 with hydrogen and cyclopropane «CH2)3) to prepare a novel heterogeneous catalyst 
while He was used as a diluent gas. Their deposition experiments were carried out at 
atmospheric pressure in a vertical quartz tube positioned centrally in a furnace. The WF6 
reactant was obtained from a cylinder which was immersed in a temperature-controlled bath 
in order to supply the desired pressure ofWF6. The WF6 gas line and mass flow controller 
were heated to avoid condensation of the gaseous WF6. The exhaust gases from the reactor 
coating chamber were passed through an alkaline solution (potassium hydroxide) trap to 
absorb any unreacted WF6 and reaction by-products. Carbon wool was used to support the 
porous carbon substrates. Prior to a deposition run, the reactor was evacuated and heated for 
2 h until the equipment reached the desired temperature distribution then the reactant gas 
stream was introduced into the reactor coating chamber. The deposition temperature was in 
the range 500 to 700°C while the partial pressures of WF6, (CH2)3, hydrogen and He were in 
the ranges 12.3 to 26.3, 8.8 to 409.8, 338 to 724.8 and balance, respectively. X-ray 
diffraction patterns of the coated samples indicated that the tungsten carbide coating was in 
the form W2C and that no elemental tungsten or tungsten oxides were present. Since the 
catalytic activity of the novel catalyst varied with composition of the deposited tungsten 
carbide, the control of the tungsten·carbon ratio was also investigated. They found that the 
composition of the tungsten carbide coating was proportional to the gas phase composition 
but did not vary with the deposition temperature, although the deposition temperature was 
found to be significant in achieving a uniform coating. 
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In his patent, Tarver[69) described a method for producing either particulate tungsten carbide 
or tungsten carbide coatings utilising the WF6 route. He used a vertical, up-flow, 
atmospheric pressure reactor which was resistively heated by a variable electric power supply 
but indicated that the substrate could also have been heated by radiation or induction. Two 
separate inlet pipes were used to pass WF6, CO and hydrogen or an inert gas; and/or WF6, 
W(CO)6 and hydrogen or an inert gas into the reactor coating chamber. The hydrogen or 
inert gas used in these gas mixtures was also employed to transport the gaseous W(CO)6 
which was generated by heating W(CO)6 crystals/powder. The amount of gaseous W(CO)6, 
which was simply used as an alternative source of CO, was controlled by the W(CO)6 
evaporation temperature. The substrates were mounted vertically and heated to the 
deposition temperature while the reactor coating chamber was purged with hydrogen. The 
deposition temperature was limited to the range 400 to 1300°C because of the experimental 
set-up. Essentially, Tarver's patent described three deposition experiments: the reaction of 
WF6 with CO and hydrogen; the reaction of WF6 with W(CO)6 and hydrogen; and the 
reaction of WF6 with hydrogen. The percentage of each reactant in the WF6-CO-hydrogen 
gas mixture was varied in the range 12.5 to 40, 12.5 to 75 and 12.5 to 62.5 % respectively. 
Apparently every combination that the investigator tried in these ranges was succe~~M in 
yielding tungsten carbide, however, a typical gas mixture of WF6-CO-hydrogen of 12.5, 50 
and 37.5 % respectively was utilised. Alternatively, in the second reaction, a gas mixture of 
WF6-W(CO)6-hydrogen of 50, 10 and 40 % respectively was used. 
It appears that any deposition temperature above 400°C resulted in the formation of tungsten 
carbide in the form W2C regardless of whether the first or second gas mixture was used. No 
metal phase was detected by X-ray diffraction or other analysis in any of the W2C coatings. 
The Knoop hardness of the coatings was variable but ranged from 1700 to 2700. A coating 
run conducted at 400°C resulted in no appreciable deposition of tungsten carbide whereas a 
coating run at 600°C produced tungsten carbide at a more commercial rate. In general, it was 
found that the greater the deposition temperature, the greater the deposition rate. However, 
the greater the rate of carbide formation, the greater the tendency to form spiked crystals on 
the surface rather than a uniform coating. In fact, according to the patent, tungsten carbide 
could be formed as either a coherent mass free of a substrate, as a coating on a substrate or as 
a powder. If either reaction was carried out in the presence of hydrogen then a dense coating 
was formed. However, a dense mass free of a substrate could also be produced by 
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preventing adherence to the substrate, such as fIrst carburising a steel substrate. 
Alternatively, tungsten carbide powder was produced by using an inert gas rather than 
hydrogen and therefore carrying out either reaction substantially free from hydrogen. The 
adherence between the tungsten carbide coating and a steel substrate was improved by fIrst 
depositing a very thin coating of tungsten on the surface of the substrate by the reduction of 
WF6 with hydrogen. For example, on a SAB 1010 steel substrate heated to a deposition 
temperature of 800°C, where a mixture of WF6 and hydrogen was fIrst passed through the 
reactor coating chamber and then CO was later added to the reactant gas mixture giving a 
total deposition time of about 20 minutes, resulted in a tungsten coating approximately 
50 Ilm thick and, directly above it, a tungsten carbide coating 50 Ilm thick. The tungsten 
/ 
carbide coating was strongly adherent to the substrate and did not spall when the substrate 
was cooled or subsequently under went tempering. From his results, Tarver believed that the 
W(CO)6 reactant gas thermally decomposed to provide CO for the reaction and hence was no 
discemible difference between the fIrst reaction (with CO) and the second reaction in terms 
of results. The exact chemical reaction and function of hydrogen in the process was 
unknown by the investigator. 
Other areas of research involving the WF 6 route for the CVD of tungsten have been reported 
in the literature but are not directly relevant to the current work and will therefore only be 
mentioned briefly. Hayashi et al. [70) investigated the process parameters to control the 
microstructure and surface roughness of tungsten and tungsten + rhenium coatings on 
various shapes as well as the effects of grain size on mechanical and thermal properties. In 
their work, Stephenson et al. [7l) studied the CVD of tungsten on to carbon and stainless steel 
ball valve seats but found that deposition was only possible when a thin layer of electroplated 
nickel was present. Several researchers[72.76) have reported on the WF6 route for the 
deposition of tungsten in microelectronic applications while reviews and theoretical studies 
on the deposition of tungsten via the WF6 route are presented by other authors[33, 48, 53, 77.81). 
In conclusion, the CVD of tungsten carbide in various forms (!3-WCI.x, WC, W2C and W3C) 
on to steel substrates using the WF6 reaction has been achieved with varying degrees of 
success. In particular, deposition temperatures below the tempering temperatures of tool 
steels have been achieved which clearly obviates the necessity for the obligatory post-coating 
heat treatment of the steel substrate. However, all researchers, with the exception of 
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TarverI691, who have attempted to deposit tungsten carbide coatings on to steel substrates 
have utilised a nickel interlayer to aid adhesion of the coating to the substrate. 
Unfortunately, the resulting bond strength between the coating and the substrate was thought 
to be insufficient to resist the high stresses that can occur in demanding applications such as 
cutting tools(29, 381. All researchers who measured coating hardnesses reported values above 
2000 RV and consequently those investigators who carried out wear resistance tests on their 
tungsten carbide coatings claimed favourable results. 
2.2.3 Tungsten Carbide Coatings Deposited From W(CO)6 
Very few researchers have investigated the possibility of chemically vapour depositing 
tungsten carbide coatings via the thermal decomposition ofW(CO)6 route(39. 82, 831. However, 
in 1947, the Western Electric Company InC.(821 released a patent concerning the apparatus 
and processing involved for coating iron, steel, nickel and other metals with tungsten carbide 
(and carbides of chromium and molybdenum). The reactor employed consisted of a 
< 
horizontal glass tube coating chamber surrounded by a H20 cooling jacket and heated by an 
induction coil. U-shaped tubes were connected to both ends of the coating chamber. The 
inlet tube had a supply of CO which acted as the carrier gas, connected to one half of it 
whilst connected into the other upright section of the tube was a supply of hydrogen or CO or 
both. The W(CO)6 metal donor powder was situated in the U-bend of the tube which itself 
was submerged in either a chilling medium such as ice H20, brine or solid C02, or a heating 
medium such as warm H20. The outlet tube acted as an exhaust pipe and was connected at 
one end to the reactor coating chamber and at the other end to a vacuum pump. Again the U-
bend in the tube was submerged in either a chilling or a heating medium as previously 
described. Access to the reactor coating chamber was via a gas tight stopper located at one 
end of the coating chamber. The investigators purified the W(CO)6 powder employed (stated 
to be a white solid which decomposed at 150°C) by evaporating and resolidifying it whilst 
under a vacuum. This was done by submerging the bend of the inlet U-shaped tube 
containing the W(CO)6 powder in warm H20 at approximately 20°C, passing hydrogen over 
the W(CO)6 powder and resolidifying the gaseous W(CO)6 in the bend of the outlet U-
shaped tube which was submerged in solid C02. Prior to evaporation the W(CO)6 powder 
was kept chilled by submerging the inlet U-shaped tube in ice H20 to prevent evaporation. 
To promote coatinglsubstrate adhesion, substrate surface oxides were removed by abrasion, 
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electro-etching or other chemical methods. Subsequently, the substrates were treated with 
acid which was later washed free with an organic solvent such as alcohol. Immediately 
afterwards they were placed in the reactor coating chamber which was then evacuated in 
order to remove any excess solvent and prevent any further oxide formation. The substrates 
were then heated to 600°C under a hydrogen atmosphere at reduced pressure to further 
reduce surface oxides. After this procedure, the substrates were allowed to cool to the 
deposition temperature ready for coating. Deposition temperatures in the range 400 to 600°C 
were generally used, although temperatures as low as 150°C were thought possible, together 
with reduced total deposition pressures « 3.9 x 10.3 atm) and deposition times up to 
60 minutes. It was discovered that the total deposition pressure must not be ''too high" or 
thermal decomposition of the W(CO)6 in the vapour phase was initiated. No gas flow rates 
were quoted. It was, however, stated that hydrogen was occasionally injected into the reactor 
coating chamber during deposition runs, in addition to the W(CO)6 reactant gas, as it was 
thought to aid ''throwing power". CO was also occasionally injected into the reactor coating 
chamber, in quantities varying from zero to several hundred molecules per molecule of 
W(CO)6, as it was thought to act as an additional source of carbon. It was claimed that 
typical deposition rates achieved produced 2 mm thick coatings in 30 minutes and that the 
same thickness coating could be reached in 5 minutes at the maximum deposition rate 
achievable in the equipment used. However, when trying to coat the inside surface of a 
hollow tube, it was found that the deposition rate varied along the length of the tube, the 
coating being thicker near the inlet end of the tube than it was near the outlet end. In an 
attempt to remedy this, a smaller diameter reactant gas feeder tube with perforations at 
various positions was placed inside the tube to be coated in an attempt to even the reactant 
gas flow. 
The nature of the coatings produced was found to vary with the deposition conditions 
employed. At low deposition temperatures, with little or no added CO gas, tungsten carbide 
coatings of the form W2C were deposited, although as an increasingly better vacuum was 
employed greater amounts of CO were found to be required to deposit the same coating. It 
was also established that tungsten carbide coatings of the form WC were deposited at higher 
temperatures by increasing the CO pressure. These coatings were said to have "high 
hardness" which was attributed to their fme grain structure. Their high hardness combined 
, with toughness and corrosion resistance (unsubstantiated) was thought to make them 
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applicable to various products such as wire drawing dies, cutting tools, drills, rolls, engine 
bearings, valves of internal combustion engines, taps, reamers, metal slitting saws, turbine 
blades and combustion chambers. 
Like the Western Electric Company Inc., Homer and Whitacre[83) also utilised a simple CVD 
reactor design in their work on the CVD of tungsten carbide coatings on carbon steel, HSS 
and stellite cutting tools via the pyrolysis of W(CO)6 route. The W(CO)6 precursor powder 
was evaporated in a vessel which was submerged in an oil bath heated by steam carrying 
coils, and the gaseous W(CO)6 reactant then transported along heated pipes to a vertical, up-
flow, induction heated, glass reactor coating chamber. Heating of the pipes was by means of 
a hot air jacket, maintained typically at a temperature of 121°C. The W(CO)6 reactant gas 
flow rate was monitored and controlled by means of a pressure gauge and a valve in the 
W(CO)6 gas line. The exhaust gases from the reactor coating chamber were directed through 
an ice-H20 cold trap, to resolidify any unreacted W(CO)6, and then a vacuum pump. A 
W(CO)6 reactor coating chamber by-pass line was also installed between the W(CO)6 
evaporator and the ice-H20 cold trap and was found to be useful when establishing coating 
conditions, terminating coating runs or adjusting equipment. 
Prior to deposition, the substrates to be coated were cleaned by a preferred method: abrasion 
with a wire wheel, sanding with carborundum followed by degreasing in trichloroethylene. 
W(CO)6 evaporation temperatures in the range 121 to 149°C were employed together with a 
slightly lower deposition temperature range than that employed by the Western Electric 
Company Inc., namely 316 to 538°C. Total deposition pressures less than 3.9 x 10.3 atm 
were primarily used and deposition times of 10 to 80 minutes. No relevant reactant gas flow 
rates were reported. A typical procedure for coating deposition was as follows: 
1. Clean substrates were loaded into the reactor coating chamber. 
2. The hot air jacket was brought up to temperature. 
3. The reactor coating chamber was evacuated. 
4. The reactor coating chamber was flushed with hydrogen and then evacuated again. This 
was done two or three times in order to ensure no air was left in the reactor coating 
chamber. 
5. The induction coil was switched on and the substrates brought to the deposition 
temperature under hydrogen. 
42 
The Low Temperature CVD of Tungsten Carbide Literature Survey 
6. The reactor coating chamber was evacuated again. 
7. With the pump still on, the gaseous W(CO)6 was allowed to flow into the reactor coating 
chamber. 
8. After coating, the gaseous W(CO)6 supply, pump and induction heater were switched off. 
9. The reactor coating chamber was brought to I atm pressure of hydrogen. 
10.The reactor coating chamber was then flushed with hydrogen until it was cool. 
11.The hydrogen was switched off and the coated substrates taken out. 
In general, bright, smooth and highly adherent coatings of 5 to 38 mm thickness were 
deposited. The deposition conditions listed below, for example, led to a coating thickness of 
15 mm: 
Evaporation bath temperature = 121°C. 
Air jacket temperature = 121°C 
Evacuation pressure during hydrogen/evacuation purging = 66 x 10-6 atm 
Deposition temperature = 413°C 
Total deposition pressure = 3.9 x 10.3 atm 
Deposition time = 25 minutes 
Homer and Whitacre established that the coating deposition rate increased with increasing 
deposition temperature, such that the deposition rate at 53 goC was five or six times greater 
than that at 316°C and also that larger grains tended to be fonned at higher deposition 
temperatures. Coating/substrate adhesion was thought to be good enough to withstand heavy 
cutting applications. XRD analysis of the coatings indicated that at total deposition pressures 
between 3.9 x 10'3 and 1 atm, tungsten carbide coatings of the fonn cubic WC + hexagonal 
WC + W2C were deposited, although at total deposition pressures below approximately 
6.6 x 10'3 atm, elemental tungsten was also found to be incorporated into the tungsten 
carbide coatings. However, the elemental tungsten content of these coatings did not exceed 
10 wt.% and was found to decrease with increasing deposition temperature and increasing 
total flow rate. XRF and chemical analysis revealed that coatings deposited at deposition 
temperatures above 410°C were also substantially carbide in nature, again consisting of a 
mixture of cubic WC + hexagonal WC + W 2C, 
Lander and Gennerl391 also investigated the CVD of tungsten carbide coatings by the 
pyrolysis of W(CO)6, utilising the thennal decomposition of W(CO)6 in conjunction with a 
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hydrogen carrier gas and sometimes H20 vapour. The W(CO)6 employed was said to 
decompose at approximately 150°C. It was reported to have a vapour pressure, in the range 
80 to 150°C, defmed by the equation: 
logto p = 11523 _ 3872.0 
T 
where: p = vapour pressure in mm Hg 
T = absolute temperature in K 
Additionally, the W(CO)6 was reported to be "somewhat soluble in the usual organic 
solvents but insoluble in water" and also to be "fairly stable in water, acid and air up to about 
150°C but to be decomposed in strongly basic solutions and in halogen vapours". Very pure 
W(CO)6 was found to be unchanged by light but small impurities were found to catalyse 
decomposition in strong light It was established that condensation of the W(CO)6 from the 
vapour phase yielded large orthorhombic crystals which were highly refractive. 
In general Lander and Germer used small steel blocks as substrates in their work, although 
low melting point glasses and ceramics were also used. An induction heated glass reactor 
coating chamber, mounted horizontally, was employed. The reactor pipework was 
constructed largely from copper tubes. Gas flow was controlled by special needle valves. 
The hydrogen carrier gas was purified using a palladium tube purifier and its pressure then 
reduced to atmospheric, any excess hydrogen being released to the atmosphere through an oil 
bubbler. The pure hydrogen could be saturated with H20 at atmospheric pressure in a 
thermostatically controlled H20 saturator before passing through the reduced pressure 
W(CO)6 evaporator chamber, or alternatively it was fed directly into this chamber without 
being saturated with H20. The vapour pressure of the evaporated W(CO)6 was controlled by 
means of a "cooler" between the W(CO)6 evaporation chamber and the reactor coating 
chamber, the "cooler" being maintained at a temperature a few degrees lower than the 
evaporation chamber, typically 30°C. The pressure at the outlet of the "cooler" and also 
inside the reactor coating chamber was monitored with McLeod gauges. This arrangement 
facilitated the supply of W(CO)6, hydrogen and H20 vapour, in any desired ratio and 
pressure, to the reactor coating chamber. 
Initially, Lander and Germer found it necessary to establish a method for determining 
W(CO)6 vapour pressure, since it was not reported in the literature at the low evaporation 
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temperatures to be used by them, and they wished to control W(CO)6 flow rate via vapour 
pressure. Over the temperature range 25 to 35°C, the following equation was defmed: 
10glOP = 12094- 4077 
T 
where: p = vapour pressure in mm Hg 
T = absolute temperature in K 
It was later found during coating that W(CO)6 vapour pressures between 0.01 x 10.3 and 
1.3 x 10.3 atrn, corresponding to evaporation temperatures in the range 0 to 50°C, were 
required. 
Thermodynamic analysis led Lander and Germer to the prediction that increasing the total 
deposition pressure or decreasing the deposition temperature favoured coatings with higher 
carbon contents and that coatings entirely free from carbon could not be deposited from pure 
W(CO)6. They also predicted that the deposition of a coating with as little as 0.2 at. % carbon 
at a deposition temperature as high as 600°C required a total deposition pressure as low as 
40 x 10-6 atrn. They consequently used a wider range of experimental deposition 
temperatures than in the previous two investigations, namely 350 to 700°C, together with 
reduced total deposition pressures up to 131 X 10.3 atrn. However, at high temperatures and 
total deposition pressures the gaseous W(CO)6 was found to decompose before it reached the 
hot substrate surfaces, resulting in large colloidal particles, excessive decomposition in the 
gas phase leading to worthless coatings which were non-adherent and powdery. Clearly, the 
beginning of gas phase nucleation set an upper limit on the deposition rate achievable. This 
limit decreased with increasing deposition temperature. Coatings successfully deposited 
below it were found to have an fcc crystal structure with a lattice parameter of 4.16 A and 
(1l0) preferred orientation. Such coatings were thought to be cubic W2C although no 
coating carbon analyses were carried out to verifY this. A deposition temperature and by-
product CO pressure of 400°C and 1.3 x 10.3 atrn respectively were established as favourable 
conditions to form cubic W2C although it could not be deposited at the higher deposition 
temperature and by-product CO pressure of 450°C and 13.2 x 10.3 atrn respectively. Lander 
and Germer were never able to deposit the hexagonal form of W2C. They found that the 
carbon content of the coatings could be varied between 0 and 35 at. % and, not surprisingly, 
that the hardness of the coatings depended on their carbon content. Coatings deposited 
employing dry hydrogen at deposition temperatures of 450 and 500°C at a high total 
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deposition pressure, and presumably containing a considerable amount of carbon, had 
hardnesses above 2000 HV. However, the very hardest tungsten carbide coatings deposited 
on a smooth flat surface were marked by a network of polygonal cracks. Their presence was 
ascribed to the difference in thermal expansion of the coating and the substrate causing 
stresses to be developed in the coating as it cooled from the deposition temperature to room 
temperature. This type of failure was not thought to impair the usefulness of very hard 
tungsten carbide coatings for certain applications. A further, spalling type offailure occurred 
in the hard tungsten carbide coatings at the sharp edge of a substrate with coating thicknesses 
greater than 1 mm. Perhaps surprisingly, it was nonetheless thought that the tungsten carbide 
coatings were suitable for the wearing surfaces of bearings, dies, rolls, gauges and other 
tools. 
Given the preceding remarks conceruing gas phase nucleation, it is interesting to note in 
passing, although not strictly relevant to the present work, that the pyrolysis of W(CO)6 route 
has also been used to attempt to form tungsten carbide powder of the form WC[84). 
2.3 Tungsten Coatings Deposited by CVD Utilising W(CO)6 
Considerably more work has been carried out on the CVD of tungsten coatings by the 
pyrolysis of W(CO)6, than on the corresponding tungsten carbide coatings. However, the 
former is still pertinent to the current work since the researchers often encountered similar 
problems and indeed often achieved siruilar results to those deliberately studying tungsten 
carbide coating deposition. A review of previous work on the CVD of tungsten coatings by 
the pyrolysis ofW(CO)6 is therefore presented in this section. 
In their work, Ward et al. [8S) attempted to predict the deposition conditions needed to 
cheruically vapour deposit pure tungsten coatings by the pyrolysis of W(CO)6 whilst Mrazek 
et al. [86) studied the reaction kinetics of W(CO)6 pyrolysis in respect of tungsten deposition 
onto small glass beads. Vogt[87) also investigated the CVD of tungsten coatings onto small 
glass spheres via the pyrolysis of W(CO)6. In addition to their previously described work on 
the deposition of tungsten carbide coatings via W(CO)6 pyrolysis, Lander and Germerl39) and 
the Western Electric Company InC.[88) also studied the deposition of tungsten coatings, in the 
case of the former leading to a subsequent patent by Landerl89) conceruing an experimental 
arrangement for coating the inside of tubes. Kaplan and d'Heurle[90) attempted to cheruically 
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vapour deposit tungsten via W(CO)6 pyrolysis for use in semiconductor devices while Diem 
et al. [91] attempted to utilise the same route for use in VLSI applications. The microstructure 
and coatinglsubstrate interface of tungsten coatings deposited onto molybdenum and 
platinum substrates via W(CO)6 pyrolysis were investigated by Boyes[92] using field-ion 
microscopy. Finally, Haigh et al. [93] investigated the CVD of tungsten-rich coatings onto 
gallium arsenide (GaAs) substrates utilising the pyrolysis of W(CO)6 in the presence of 
hydrogen and then subsequently attempted to modifY the coatings with a plasma treatment. 
The objective of the work carried out by Ward et al. [8S) on the CVD of tungsten coatings 
utilising the pyrolysis of W(CO)6 was to deposit high purity tungsten onto tungsten or Ah03 
substrates which might react undesirably with a halide coating atmosphere. They felt that 
carbides, oxides and/or oxycarbides would be formed when W(CO)6 was thermally 
decomposed and therefore proposed to introduce hydrogen and H20 into the reactor coating 
chamber in order to stabilise the metal phase. Their work concentrated on a thermochemical 
analysis of the W(CO)6 deposition reaction, in order to predict the deposition temperature 
and initial concentrations of W(CO)6, H20 and hydrogen which would best further the 
deposition of pure tungsten at atmospheric pressure. The thermodynamic analysis involved 
the use of carbon, hydrogen and oxygen balances in concert with Dalton's Law and 
equilibrium relationships. The results obtained are summarised in Figure 2.8. 
As can be clearly seen from this figure, it was predicted that at a deposition temperature of 
827°C, the gaseous W(CO)6 reactant needed to be highly diluted with hydrogen and H20 to 
avoid contamination of the tungsten coating with W02 or WC but that as the deposition 
temperature was increased, the amount of hydrogen and H20 to avoid contamination 
decreased. At 1127°C, an equal molar mixture of hydrogen, H20 and W(CO)6 was predicted 
to result in a pure tungsten coating. Ward et al. also analysed the use of C02 as a diluent gas. 
It was predicted that tungsten metal could be deposited from mixtures of W(CO)6 and C02 
without the formation of either carbides or oxides. At a deposition temperature of 1027°C, a 
minimum C02:W(CO)6 ratio of 1.5:1 was predicted in order to avoid the formation of 
carbides whilst a maximum C02:W(CO)6 ratio of 28:1 was predicted in order to avoid 
contaminating the coating with oxides. 
Ward et al subsequently carried out exploratory tests in an attempt to verifY their theoretical 
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predictions. Hydrogen was passed through an H20 bubbler and then over the surface of 
W(CO)6 powder. Both the bubbler and the W(CO)6 were maintained at appropriate 
temperatures (not specified) to obtain the desired inlet gas composition, whilst a fluidised 
bed of either AhO) or tungsten powder substrates was utilised. After deposition, the reactor 
was cooled, the fluidised bed discharged and the carbon content of the coatings determined 
by LECO conductometric analysis. Corresponding oxygen contents were obtained by 
vacuum fusion. The coatings deposited were found to have a very low carbon content (of the 
order of a few ppm) but the oxygen content was always higher at 500 to 1000 ppm. Ward et 
al. considered that the latter was due to adsorbed oxygen from the atmosphere. Considerable 
porosity was detected in the coatings. A limited number of experiments with W(CO)6, C02 
and helium gas mixtures were also carried out. Tungsten coatings thus deposited at 1000°C 
were found to have less than 10 ppm of carbon. However, porosity was present in the 
coatings deposited by both of the aforementioned conditions. The porosity was attributed to 
gas phase nucleation of particles of tungsten, WC and W02 which subsequently became 
incorporated by reaction, sintering and/or cementation into the coatings. Further work to 
avoid gas phase nucleation involved utilising a heated tungsten wire as a substrate and 
employing a partial vacuum in the reactor coating chamber. The coatings obtained using this 
technique appeared completely dense. 
As intimated earlier, the work ofMrazek et al. (86) concerned the CVD of tungsten on to glass 
beads as an aid to understanding the reaction kinetics of W(CO)6 pyrolysis. The apparatus 
used allowed the injection of a sample of solid W(CO)6 into a sealed, horizontal, preheated 
reactor coating chamber by means of an air operated piston. Total deposition pressure 
measurements were made during the deposition process by means of a pressure transducer 
capable of operating in the deposition temperature range 227 to 287°C used, in order to 
follow the progress of the reaction in the sealed chamber. The type of pressure sensor used 
was necessary in order to avoid the problem of condensation of sublimed W(CO)6 in the 
capillary tubing leading to any other type of remote pressure sensing device. Agitation of the 
glass bead substrates was provided by rotating the entire reactor coating chamber at about 
200 rpm. The reactor coating chamber was heated by a wire-wound resistance heated 
furnace. The furnace temperature was sensed by three chromel-alumel thermocouples, 
connected in series and equally spaced around it, whilst the reactor coating chamber 
temperature was sensed by a chromel-alumel thermocouple placed in a well in the wall of the 
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reactor. To minimise thermal gradients, the reactor coating chamber was constructed of 
aluminium whilst the support tube which held the reactor in the furnace was constructed of 
thin-walled stainless steel to minimise heat conduction out of the reactor coating chamber. 
By this means, the researchers achieved a uniform temperature (± 1°C) throughout the 
reactor coating chamber. 
To perform a coating run, a known amount of solid W(CO)6 was first pressed into the open 
end of a sample carrier, the carrier installed in the end of an injector rod and a support tube 
slipped over the latter connecting it to the air cylinder. The pressure transducer at the end of 
the reactor coating chamber was then loosened and a flow of inert gas started in order to 
flush the reactor. At the end of the flushing period, the pressure transducer was tightened 
and the flow of inert gas stopped. The reactor coating chamber was then placed inside the 
furnace, and when the temperature of the furnace had stabilised rotation of the reactor 
coating chamber was started and pressure applied to the air cylinder to inject the W(CO)6 
• 
sample into, and also to seal, the reactor coating chamber. Air pressure was maintained on 
the piston throughout deposition to prevent leaks. As the deposition temperature could not 
be monitored when the reactor coating chamber was rotating, rotation was stopped 
periodically to check the temperature. If it had changed from the desired value by more than 
O.5°C then the run was rejected. The total pressure was, however, recorded continuously 
throughout the coating run. A minimum of four coating runs were conducted under each set 
of conditions. Samples of gas from the reactor coating chamber were withdrawn at the end 
of each run for chemical analysis. However, the rate of deposition of the coating on the glass 
beads was such that a sample of coating could only be obtained for analysis after fifteen to 
twenty repeat runs. 
From the coating runs performed, it was established that thermal decomposition of the 
W(CO)6 occurred by first-order kinetics over the temperature range studied, as a result of 
parallel homogeneous and heterogeneous reactions. The effect of diffusion on the 
heterogeneous reaction was small. Activation energies for the homogeneous and 
heterogeneous reactions were found to be 262 and 153 kJ mort respectively. It was 
considered that thermal decomposition of the W(CO)6 would become almost completely 
homogeneous at high temperatures. When coatings were formed, they were found to contain 
3.1 wt.% carbon and 4.03 wt.% oxygen and electron diffiaction patterns showed the definite 
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presence of W02. No tungsten carbides were detected either by XRD or electron diffraction 
and the by-product gas was found to contain only a small amount of C02. From these 
results, Mrazek et al. concluded that the overall reaction was: 
4W(CO)6 ~ W02 + 3W + 22CO + 2C 
and that a possible source of carbon in the coating was from the reaction of the CO with the 
tungsten coating, shown below: 
2CO+ W ~ W02 +2C ...... (2.8) 
This reaction was considered to be more thermodynamically favourable than the 
disproportionation of CO reaction. However, it was noted that both reactions become less 
favourable at higher temperatures and it was therefore felt that either could conceivably 
account for the general decrease in carbon content of the coatings observed at higher 
deposition temperatures. 
In order to show that the reaction in equation 2.8 could account for the carbon content in the 
coatings, a sample of tungsten powder containing 260 ppm of oxygen and less than 20 ppm 
carbon was fluidised in a stream of CO at 277°C for 1 h. Subsequent analysis showed that 
the carbon content had increased to 466 ppm and the oxygen content to 1520 ppm. Although 
both carbon and oxygen content had increased, the increase was not in the correct ratio to 
suggest that simple adsorption of CO was responsible, nor could the disproportionation of 
CO be responsible since both the carbon and oxygen levels had increased. These 
conclusions were further substantiated in an experiment concerning the thermal 
decomposition ofW(CO)6 at 327°C with C02 as a carrier gas, under conditions such that the 
W(CO)6 partial pressure was less than 0.1 x 10.3 atrn. It was hypothesised that the large 
resulting excess of C02 in the gas phase would prevent the formation of carbon by the 
disproportionation of CO. Analysis of the coating obtained, however, indicated the presence 
of 0.81 wt. % carbon. Whilst the disproportionation of CO was not possible under these 
circumstances, it was possible that the reaction in equation 2.8 was responsible for the 
carbon in the coating since the latter should not be affected by the presence of C02. A 
second possible source of carbon and oxygen in the coating was, of course, incomplete 
thermal decomposition of the W(CO)6. 
VOgt[87] also investigated the thermal decomposition of W(CO)6 route in an attempt to 
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deposit a tungsten coating on glass spheres, but in his case as an alternative to the WF6 CVD 
route in order to eliminate any resulting HF by-product damage to the glass spheres. An up-
flow, resistively heated, vertical fluidised bed reactor, constructed of Pyrex glass with a 
coarse Pyrex gas-distributor plate, was used by Vogt. Hydrogen was employed as the carrier 
gas. In essence the fluidised bed consisted of 4 to 5 cm3 of glass microspheres sat on top of 
the coarse Pyrex gas-distributor plate, below which the solid W(CO)6 powder was placed 
with an H20 cooling jacket located around it. The actual coating zone was a 76 mm high 
cylindrical section with a 12 mm internal diameter. During deposition the fluidised bed was 
completely contained within the coating zone. A thermocouple placed in the centre of this 
zone monitored the deposition temperature. The deposition temperature was thus controlled 
by the temperature of the furnace whilst the W(CO)6 evaporation temperature was controlled 
by means of the H20 cooling jacket around it. Deposition pressure control was maintained 
by a servo-metering valve connected in-line with a vacuum pump. The coatings were 
prepared by initially establishing the desired deposition temperature within the substrate bed 
under a hydrogen flow, whilst cooling the solid W(COk Deposition was then initiated by 
rapidly raising the temperature of the solid W(CO)6 to the required vaporisation temperature. 
Temperatures in the range 60 to 80°C were employed to evaporate the W(CO)6 powder. 
Total deposition pressures of 0.197 and 0.395 atm were utilised while deposition times 
varied from 5 to 7 h and deposition temperatures were kept lower than 397°C. Vogt reported 
that the thermal decomposition of the gaseous W(CO)6 was detectable near 227°C but 
increased sharply at 252°C. During deposition the partial pressure ratio ofhydrogen:W(CO)6 
was maintained at a constant value, ranging from 100:1 to 1500:1. After the desired 
deposition time, the pyrolysis reaction was terminated by rapidly cooling the solid W(CO)6. 
The duration of deposition varied from 5 to 7 h. The coatings to be analysed for oxygen and 
carbon content were deposited on nickel alloy microspheres with diameters within the range 
177 to 210 I1rn. They were chosen as test substrates for this purpose because their oxygen 
and carbon contents were quite low (approximately 2 wt.% oxygen and 0.3 wt.% carbon). 
The oxygen and tungsten concentrations of each coating were determined by neutron 
activation analysis; the carbon concentration was determined with a LECO low carbon 
analyser. 
Vogt found the general quality and adhesion of the coatings he produced to be unsatisfactory. 
They were highly cracked and contained large surface nodules when deposited at deposition 
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temperatures such as 275 and 325°C, but appeared relatively crack free, although the outer 
surface still exhibited defects several microns in size, when deposited at 358°C. The poor 
quality of the coatings was attributed to either a deposition rate which was too high or to a 
large thermal gradient within the reactor coating chamber. Furthermore, the coatings 
contained rather high levels of oxygen and carbon, ranging from 16 to 25 at.% for each 
element. The tungsten content of the coatings was generally not greater than 65 at.%. 
Interestingly, the oxygen and carbon concentrations were essentially equal with a mean 
atomic ratio of carbon:oxygen of 1.02: 1 (omitting the data for two coatings deposited near 
377°C). This is in agreement with the findings of Mrazek et al.[861. As the coating oxygen 
and carbon contents were essentially equal, it was suggested by Vogt that a common 
mechanism was possibly responsible for the incorporation of these two elements in the 
coatings. As intimated above, the only exceptions to these observations were two coatings 
deposited near 377°C with carbon:oxygen ratios greater than 900:1. No reason for the 
absence of any detectable oxygen in these coatings was furnished by Vogt, although it should 
be noted that the oxygen analyses for these coatings were suspect and required further 
verification by duplicate coating analyses. Despite the apparent lack of oxygen, the coatings 
still contained a relatively high fraction of carbon, namely 25 at. %. Vogt also concluded that 
the use of a hydrogen carrier gas did not offer any major advantage in the reduction of 
incorporated oxygen or carbon in his Iow temperature coatings. He noted that the possible 
formation of oxides and carbides by reactions between tungsten and CO appeared favourable 
from a thermodynamic perspective but the formation of tungsten oxides and carbides below a 
deposition temperature of 397°C was not established experimentally. Nevertheless, it was 
stated that their formation in pyrolytic deposits could not be dismissed. The structure of the 
coatings deposited by Vogt was examined by XRD and electron diffraction methods. It was 
thus established that the thermal decomposition of the W(CO)6 at deposition temperatures 
within the range 300 to 350°C had yielded a metastable fcc phase of variable lattice 
parameter (4.15 to 4.30 A), i.e. an interstitial solid solution rather than tungsten carbide. A 
fcc structure with a lattice parameter of 4.18 A was also detected in the coatings whose XRD 
patterns did not exhibit any sign of oxide or carbide. 
In an attempt to detect the possible formation of oxides and carbides within the coatings, a 
thin coating was prepared by suspending a cleaned thin strip of molybdenum in a fluidised 
bed for coating at a deposition temperature of 362°C. The coating deposited on the 
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molybdenum substrate was found to be 1 to 2 Ilm thick and was examined by XPS. The 
XPS spectrum indicated oxygen and carbon concentrations of roughly 13 and 23 at.% 
respectively with a significantly larger uncertainty in the carbon value than the oxygen value. 
The spectra contained symmetrical oxygen I s and carbon 1 s peaks centred at binding 
energies of approximately 530.5 and 284.2 eV respectively. The oxygen Is binding energy 
was reported to agree satisfactorily with quoted values for oxygen in tungsten oxides and 
chemisorbed CO on a tungsten surface. For the weaker carbon Is peak, the binding energy 
was found to be greater than quoted values for carbon in WC and in chemisorbed CO by 1.0 
to 1.5 eV. The carbon Is binding energy was reported, however, to correspond to that quoted 
for graphite and free carbon. The XPS features relating to tungsten in the coating appeared 
to be essentially identical to that for metallic tungsten. The binding energies for the tungsten 
4f7/2 and tungsten 4f5/2 peaks were found to be 31.3 and 33.4 eV respectively, stated to be 
consistent with the range of binding energies for metallic tungsten. Moreover, the tungsten 
4f peaks showed no evidence of any shoulders or broadening to higher binding energies as 
would be expected for tungsten oxides or carbides. On the basis of this analysis on one 
coating, Vogt speculated that tungsten oxides or carbides probably did not form during low 
temperature pyrolysis ofW(CO)6. 
To attempt to gain a further chemical insight into the W(CO)6 pyrolysis coating process, a 
qualitative analysis of the by-product gases was periodically performed with a residual gas 
analyser placed downstream of the reactor coating chamber. The by-product was thus shown 
to consist principally of hydrogen and CO with only minor amounts of C02 and H20 which 
were thought to be largely due to outgassing from the CVD apparatus. Vogt reported that 
other investigators also found that below a deposition temperature 397°C, the pyrolysis by-
product consisted mainly of CO with a minute amount of C02 « 0.5 vol.%). However, 
thermodynamic calculations predicted that the by-product gas should have been rich in C02, 
via the disproportionation reaction of CO, and thus provide the major source of carbon in the 
coatings. The minor concentrations of C02 in the by-product gas were thought to 
demonstrate that W(CO)6 pyrolysis at low temperatures was clearly not an equilibrium 
process. It was therefore concluded that the CO disproportionation reaction could not 
account for the high concentration of carbon found in the coatings. Rather, it was proposed 
that the high carbon and oxygen coating contents resulted from the physical entrapment of 
chemisorbed CO molecules at the surface of the growing coating. Adsorbed CO on tungsten 
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was reported to be relatively immobile and stable below temperature of 327 to 427°C, 
gradually desorbing at higher temperatures. The physical incorporation of chemisorbed CO 
was thought to be consistent with the coating characterisation results in terms of equal 
concentrations of carbon and oxygen, the metallic tungsten-like nature of the XPS spectrum 
and the formation of an interstitial solid solution. Nevertheless, stronger experimental 
evidence was thought necessary to unambiguously verify this. 
In addition to their investigation of tungsten carbide coatings chemically vapour deposited 
via the thermal decomposition of W(CO)6, reported in Section 2.2.3, Lander and Germerl391 
also studied the deposition of tungsten coatings utilising basically the same experimental 
arrangement. They postulated that any coating deposited by carbonyl decomposition would 
contain carbon as a consequence of the CO disproportionation reaction, if hydrogen was not 
present in the reactant gas stream. The presence of carbon in coatings deposited by the 
thermal decomposition of W(CO)6 has also been thought to be attributed to the CO 
disproportionation reaction by other workers(821. However, Lander and Germer predicted 
that a high hydrogen:carbon ratio would eliminate any carbon from the coating at low total 
deposition pressures but that this led to impractically low deposition rates. The use of high 
deposition temperatures was also predicted to reduce the coating carbon content, but high 
deposition temperatures (and high total deposition pressures) were found to give rise to 
worthless coatings because of gas phase nucleation although no detailed deposition 
conditions under which gas phase nucleation occurred were reported. It was established that 
excessive decomposition in the gas phase resulted in poor, non-adherent coatings and made 
certain coating conditions, which were otherwise desirable, impossible to utilise. An 
alternative method of reducing coating carbon content was therefore required. The addition 
of H20 vapour to the reactant gas mixture was expected to reduce carbon incorporation 
during coating, based on the reaction: 
H20 + C -+ CO + H2 
Lander and Germer predicted that at low CO and hydrogen partial pressures, e.g. 100 x 10-6 
atm, and deposition temperatures of 400, 500 and 600°C, the H20 vapour in the hydrogen + 
H20 fraction of the reactant gas mixture required to just prevent carbon deposition were 48, 
2.3 and 0.14 % respectively. It was therefore expected at temperatures of 500 and 600°C that 
H20 would be effective at preventing the incorporation of carbon in the coating, but not at 
400°C. Other possible additions, such as C02, 02 and H2S which were postulated to have 
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the same desired affect. The use of e02 appeared to be unsuccessful with regard to 
decreasing carbon incorporation at a deposition temperature of 500oe, but experiments with 
H2S were promising. Tungsten coatings produced using ''wet'' hydrogen at a deposition 
temperature of 640oe, gave coating hardnesses of 500 HV. The grain structure in these 
coatings was very coarse. It was presumed that the carbon content of the coatings was very 
low. The coatings developed a (Ill) preferred orientation and a strongly columnar structure, 
which could be avoided either by the incorporation of a considerable amount of elemental 
carbon, but not enough to form tungsten carbide, or by the incorporation of more carbon than 
is needed to form tungsten carbide. 
Lander and Germer observed that coating spalling often occurred along sharp substrate edges 
when the bond between the coating and the substrate appeared to be otherwise quite sound. 
This prompted them to consider coating adhesion in more detail. They argued that since the 
coefficient of thermal expansion of tungsten and steel were so different (4.5 x 10-6 and 
13 x 10-6 °e·l respectively) and both had to cool together from the deposition temperature to 
room temperature, severe stresses were always set up in the coating and that spalling would 
occur unless the coating/substrate adhesion was "considerable". As the coefficient of 
thermal expansion for tungsten is less than that for steel, the tungsten coating tended to 
contract less than the steel substrate. Therefore, when it was on the inside of a smooth steel 
cylinder, spalling occurred less readily because the tungsten coating was under uniform 
compression. However, there was a greater tendency for the coating to spall when it was on 
the outside of a steel cylinder or, in genera!, wherever there were convex edges on the steel 
substrate. Lander and Germer reported that when considering a solid circular steel cylinder 
of diameter d and coefficient of thermal expansion Us, coated at a deposition temperature 
Toe above room temperature with a coating of thickness h, Young's modulus of elasticity E 
and coefficient of thermal expansion CXc, the stress x per unit area in the coating normal to the 
coating/substrate interface was: 
x = e:)(a.-a,)ET 
and the tangential stress (J per unit area in the coating was: 
er = (a. -a,)ET 
It was noted from these equations that the tangential stress (J per unit area in the coating was 
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independent of its thickness h and the diameter d of the steel substrate cylinder, but that the 
normal stress x per unit area in the coating was proportional to its thickness h and was much 
smaller than the tangential stress <1 per unit area except in the case of cylinders of very small 
diameter. Coating spalling was said to occur when the value of x exceeded the 
coatinglsubstrate bond strength, and if the coatinglsubstrate bond strength was not 
comparable to the tensile strength of the substrate and the coating. Sharp convex substrate 
corners/edges were thought to be equivalent to cylinders with very small diameters and 
therefore spalling was thought to exist preferentially in these areas which was consistent with 
earlier experimental observations. In conclusion, it was considered by Lander and Germer 
that the CVD of tungsten via the thermal decomposition of W(CO)6 was not a completely 
satisfactory method but represented an alternative method to electroplating with the 
advantage of being able to coat a wider range of products. 
After Lander and Germer's founding work, Lander[89) later published a description of an 
experimental arrangement that enabled the coating of the inside of tubes, recesses or the 
bottom of grooves. The basic arrangement consisted of two hollow, perforated tubes that 
were joined radially by small connecting pipes and which was placed inside the tube that was 
to be coated. The gaseous W(CO)6 flow through the perforated tubes was such that it flowed 
in the annular gap between the two perforated tubes, out through the holes in the outer 
perforated tube, coated the inside of the substrate tube and then back through the small 
connecting pipes into the inside of the inner perforated tube which was connected to the 
exhaust system. 
In a second, almost identical patent to their fIrst, the Western Electric Company Inc. [88) 
described the deposition of tungsten coatings via W(CO)6 pyrolysis utilising the same 
experimental arrangement, substrate materials and experimental procedures as previously 
described in Section 2.2.3. During the deposition of tungsten coatings, it was found that low 
total deposition pressures increased the durability and adherence of the coatings. This was 
attributed to the increased mean free path of the W(CO)6 molecules which reduced the 
decomposition of the W(CO)6 away from the heated substrate surface and therefore the 
aggregation of the metal atoms into particles and hence produced more compact coatings. 
Total deposition pressures between 132 x 10-6 and 263 x 10-6 atrn were reported to yield the 
"best" quality coatings, however, total deposition pressures below 13 x 10-6 atrn were 
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reported to yield very low deposition rates. A typical deposition rate led to 2 mm thick 
coatings in deposition times of around 30 minutes while the maximum achievable deposition 
rate led to the same thickness coatings in 5 minutes. It was discovered that coatings 
deposited using rapid deposition rates contained less oxide impurities than coatings 
deposited at slower deposition rates, however, it was suggested that deposition rates should 
not be too rapid since it caused decomposition of the W(CO)6 in the gas phase. At a 
deposition temperature of 700°C, bcc tungsten was deposited in a tough adherent coating 
while at 350°C, fcc tungsten was deposited. It was reported that the introduction of 
hydrogen or a large excess of hydrogen into the reactor coating chamber during deposition 
lowered the transition temperature between bcc and fcc structures so that bcc structures could 
be deposited at lower deposition temperatures. However, good results were achieved with a 
hydrogen:W(CO)6 molar ratio of 100:1. 
In their work on the deposition of tungsten from W(CO)6 for use as a conductor in 
microcircuit devices, Kaplan and d'Heurle[90) employed an experimental arrangement which 
consisted of a diffusion-pumped vacuum system connected to a vertical reactor coating 
chamber. A cylindrical molybdenum susceptor, supported and rotated from below, was 
heated inductively through the use of a coil mounted outside the reactor coating chamber. 
The substrate, generally an oxidised silicon wafer, was placed on the susceptor, 
perpendicular to the flow direction of the incoming reactant gas mixture. This mixture 
consisted of either hydrogen or another carrier gas at reduced pressure and a known partial 
pressure of W(CO)6. It entered the reactor coating chamber through the top. The W(CO)6 
pressure was established by regulating the evaporation temperature of the solid W(CO)6 in a 
reservoir through which the carrier gas was passed. The reservoir consisted of a heated 
W(CO)6 source followed by an equilibrating chamber maintained at a desired temperature. 
The flow rate was regulated by a needle valve and calibrated flow meter while the total 
deposition pressure was determined by setting a vacuum valve and measured by a Pirani 
gauge. The deposition temperature was measured using a thermocouple rigidly fastened to 
the molybdenum susceptor. The substrates were thermally coupled to the susceptor by a 
layer of liquid gallium which ensured that the substrates were maintained at an essentially 
identical temperature to the susceptor. To prevent reaction between the gallium and the 
molybdenum susceptor, the upper surface of the susceptor was coated with reactively 
sputtered silicon nitride. The hydrogen and argon carrier gases employed were reported to be 
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99.995 % pure with nitrogen being the main impurity. Deposition began, typically, with 
evacuation of the reactor coating chamber to a pressure of26 x 10.9 atm. The carrier gas was 
then admitted at a Iow flow rate and pressure, while the substrate temperature was raised to 
the desired temperature. The carrier gas was then allowed to flow through the W(CO)6 
powder and into the reactor coating chamber at the desired flow rate while a vacuum valve 
was used to adjust the total deposition pressure. After the desired deposition time, the 
reactant gas flow and heat were turned off and the substrate was cooled to room temperature 
while the carrier gas flow was maintained. Thickness measurements were made with a 
Talysurf instrument and/or a Tolanski interferometer. A qualitative evaluation of coating 
adhesion was obtained by means of a so-called "Scotch-tape test". 
Substrate temperature, W(CO)6 partial pressure, carrier gas pressure and carrier gas flow rate 
were all found to significantly affect the rate of deposition. It was found that as the 
deposition temperature was increased from 400 to 500°C, at constant values of carrier gas 
flow rate and W(CO)6 partial pressure, the deposition rate tended to rise in an exponential 
manner. The effect of W(CO)6 partial pressure between 13 x 10-6 and 66 x 10-6 atm on 
deposition rate, at constant deposition temperatures and carrier gas flow rates, tended to 
approximate to linearity at the lower partial pressures, generally followed by a diminishing 
increase in deposition rate with increased W(CO)6 partial pressure. When the carrier gas 
flow rate was increased from 1 to 15 cm3 minute'!, an almost linear increase in deposition 
rate was observed at constant deposition temperatures and W(CO)6 partial pressures. From 
an Arrhenius plot of deposition rate against lIdeposition temperature, an activation energy of 
75 kJ mor! was calculated for a typical deposition reaction. From the effect of W(CO)6 
partial pressure on the deposition rate, it was suggested that gaseous diffusion of the W(CO)6 
molecules to the substrate surface was rate limiting and that the rate of such diffusion should 
have been linear with W(CO)6 concentration until the concentration became so high that 
diffusion was no longer the slowest process. 
In general, tungsten coatings deposited above 500°C were stated to be perfectly adherent 
whilst coatings with thicknesses of 13000 A or less deposited at 450°C were found to be 
satisfactory according to the "Scotch-tape test". Coatings deposited at lower temperatures 
were found to be unsatisfactory. Consequently, several methods were developed to try to 
obtain more adherent coatings at these lower temperatures. The addition, during the first 
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minute of deposition, of an oxidising gas with a partial pressure of 1.3 x 10'3 to 
2.6 X 10'3 atm greatly improved adhesion to Si02 surfaces and allowed deposition 
temperatures as low as 325°C. Similarly, low deposition temperatures were made practical 
by first depositing a layer of tungsten at a very low deposition rate (0.1 to 1 A S'I) up to a 
thickness of several hundred angstroms. Deposition at normal rates, following this step, 
yielded adherent coatings at substrate temperatures as low as 325°C. For the purposes of 
structural examination, tungsten coatings were deposited at a W(CO)6 partial pressure of 
2.6 x 10,6 atm, a hydrogen partial pressure and flow rate of 13 x IO~ atm and 
12 cm3 minute' I respectively at deposition temperatures of 300, 350, 400 and 450°C. 
Examination of the coatings by XR.D showed that all of them were ''pure'' tungsten without 
any detectable tungsten carbide peaks. The coating deposited at 450°C had a (100) preferred 
orientation while the others were randomly oriented. Two tungsten coatings deposited at 
400°C revealed internal tensile stresses of 460 ± 100 MN m'2. However, in a coating 
deposited at 450°C the lattice parameter was found to be 3.1616 A which was reported to 
correspond to a tensile stress of 530 MN m'2. The same coating was also reported to have a 
slightly colunmar structure. 
Diem et al. (91) investigated the CVD of tungsten coatings onto silicon substrates utilising 
W(CO)6 as a source material on the basis that it was considered easier to handle W(CO)6 and 
CO rather than WF6 and its deposition reaction by-products of fluorine and HF. The 
W(CO)6 was reported to be a volatile solid which sublimed to give an appreciable vapour 
pressure at moderate temperatures and decomposed at approximately 175°C according to the 
reaction: 
W(CO)6 ~ W + 6CO 
The CVD reactor used by Diem et al. consisted of a stainless steel reactor coating chamber, a 
load-lock chamber, a W(CO)6 reservoir and delivery valve, a quartz viewing window and 
ancillary equipment such as vacuum pumps. 
Deposition began by introducing a silicon wafer, on a graphite holder, into the load-lock 
chamber. After an initial pump-down, the wafer was transported into the reactor coating 
chamber where it was allowed to heat up for five minutes under a nitrogen flow. After the 
wafer had reached the desired temperature, the W(CO)6 valve was opened and the W(CO)6 
reactant gas admitted into the reactor coating chamber. When deposition was complete, the 
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W(CO)6 and nitrogen flows were stopped and the reactor coating chamber pumped out. The 
coated wafer was then removed to the load-lock chamber and allowed to cool whilst under a 
vacuum. It was then removed from the load-lock chamber. 
The deposition rate was measured with respect to various process parameters. The 
dependence of the deposition rate on the partial pressure of W(CO)6 at constant total pressure 
was found to be linear which suggested that the reaction rate was limited by diffusion of the 
reactant gas to the silicon substrate. Furthermore, the deposition rate was found to increase 
with increasing temperature up to about 420°C at which point the deposition rate decreased 
as the deposition temperature was increased further. It was postulated that low deposition 
rates at low temperatures was caused by inefficient thermal decomposition of the W(CO)6 as 
evidence of a white haze was seen on the surface of substrates. At higher temperatures it 
was thought that the deposition rate fell owing to increased deposition on the walls of the 
reactor coating chamber. As the temperature of the heating plate, on which the graphite 
holder and silicon wafer sat, was increased, the reactor coating chamber walls began to heat 
up to temperatures at which deposition occurred. Coating thicknesses were determined from 
measurements of sheet resistance, AES analysis and "Dektak" readings. Thicknesses were 
found to range from 500 to 8000 A but the "best quality" coatings had thicknesses in the 
range 1100 to 5500 A. Typical coatings exhibited a thickness uniformity of ± 10 %, with the 
-
thickest part in the centre of the wafer whilst coating thickness decreased radially towards the 
wafer edge. This was not unexpected since the gaseous W(CO)6 was introduced to the 
reactor coating chamber vertically above the centre of the silicon wafer and therefore the 
centre of the wafer would receive the most abundant supply of W(COk In a few coating 
runs, a small metal disk, 12 mm in diameter, was suspended 25 mm above the wafer surface 
during deposition. This served to disperse the gas flow to the wafer resulting in a more 
uniform W(CO)6 gas concentration over the wafer surface. The resulting coatings exhibited 
a thickness uniformity within ± 6 %. It was found that the coating quality was enhanced by 
annealing the coated wafers under a "forming gas" at elevated temperatures (850 to 950°C). 
AES analysis revealed that, after deposition, the coatings contained approximately 16 at.% 
carbon and the same amount of oxygen. It was postulated that the carbon and oxygen were 
probably in the form of CO trapped in the tungsten matrix since the atomic percentages of 
both elements were about the same. After annealing, the carbon and oxygen contents 
60 
The Low Temperature CVD of Tungsten Carbide Literature Survey 
dropped to almost zero, indicating that the CO had been driven off. This result was reported 
to further support the suggestion that adsorbed CO accounted for almost all the carbon and 
oxygen in the coatings, since carbon atoms are not volatile at 950°C. After deposition, the 
tungsten/silicon interface was fairly sharp, indicating that little or no silicon or tungsten 
diffusion occurred during deposition and that WSh was not formed to any appreciable 
extent. However, after annealing at 950°C for 1 h, the interface was more vaguely defined, 
owing to silicon diffusion and probable formation of WSh. Coating adhesion was tested 
with tape-peel tests on selected wafers. According to this method of testing, the coatings 
appeared to be fairly well adhered. A few wafers pre-coated with Si02 and coated with 
tungsten also passed the tape-peel test. 
MicrostructuraI and coatinglsubstrate interface studies of tungsten coatings chemically 
vapour deposited on molybdenum and platinum field-ion emitter substrates from W(CO)6 
were made by Boyes[92] using a field-ion microscope. Molybdenum substrates were polished 
prior to deposition in NaOH or a 5 % sulphuric acid in methanol mixture while platinum 
substrates were electropolished in a molten 10 % sodium chloride/sodium nitrate mixture 
using a platinum counter electrode. The substrates were coated by resistance heating of a 
support loop, and hence the substrate, under a W(CO)6 atmosphere at low pressure. 
Deposition took place with a background pressure of 132 x 10.9 atm. The deposition 
temperature and time were systematically varied from 600 to 1200°C and 5 to 240 s 
respectively in order to control the coating thickness between less than complete coverage 
and 500 A. Tungsten coatings deposited onto molybdenum substrates were of very high 
purity, epitaxial and comparatively insensitive to deposition conditions whilst 100 to 400 A 
thick coatings deposited on platinum substrates were found to be non-epitaxial but with a 
pronounced (211) preferred orientation. 
In their work, Haigh et al. [93] investigated the CVD of tungsten-rich layers onto GaAs 
substrates utilising the pyrolysis of W(CO)6 in the presence of hydrogen and then 
subsequently attempted to modifY the deposited coatings with a plasma treatment. Initially, 
the researchers attempted to theoretically predict the carbon and oxygen content of coatings 
deposited from a W(CO)6 precursor under reducing conditions at atmospheric pressure. The 
standard Gibbs energies of W03 and WC were reported to be -644 and -37 kJ mor· at 
500°C. From these values and those for H20 and CH4, the Gibbs energies of the reactions: 
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W +3H20 ~ W03 +3H2 
W+CH4 ~ WC+2H2 
were calculated to be -48 and -31 kJ mor) respectively at 500°C. The activities of the 
tungsten oxide and carbide in these reactions were calculated for a unit activity of tungsten, 
hydrogen at 1 atm pressure and Iow partial pressures (below 10-6 atm) of H20 and C~ in the 
carrier gas, which was achievable using palladium-diffused hydrogen Assuming that the 
carbon and oxygen were present as ideal solid solutions of W03 and WC respectively in 
tungsten, then the activities of the tungsten oxide and carbide were established to be small 
suggesting Iow carbon and oxygen concentrations. It was therefore concluded that high 
levels of carbon and oxygen were not thermodynamically inevitable in the CVD of tungsten 
coatings from W(CO)6. 
In their actual experiments, a few milligrams of W(CO)6 (obtained from Aldrich Chemical 
Company Ltd. and reported to be an air-stable solid with a vapour pressure below 
132 x 10-6 atm at room temperature and about 658 x 10-6 atm at 50°C) were placed in a 6 mm 
diameter silica tube which was open at both ends and inserted into a short, heated side-arm 
of a silica deposition tube of internal section 10 mm x 10 mm. To achieve a slow deposition 
rate, with the best approximation to thermodynamic equilibrium, gas-phase diffusion control 
was required. To this end, as Iowa vapour pressure ofW(CO)6 as practicable was used, the 
W(CO)6 being evaporated between 40 and 60°C. Mass spectrometric investigations 
indicated that the W(CO)6 solid could be heated to around 120°C before measurable 
decomposition occurred. The gaseous W(CO)6 was entrained in a 300 cm3 minute·) stream 
of palladium-diffused hydrogen and led without cooling into the heated deposition tube. 
GaAs (100) wafers chemomechanically polished to approximately 250 Ilm thickness were 
cleaned ultrasonically in acetone, cleaved and used as substrates. A 6 mm x 6 mm substrate 
was held on a molybdenum support in the heated zone at an angle of 30° to the flow 
direction. XRD patterns for the coated substrates were taken to compare with reference 
patterns for the two crystallographic forms of tungsten. All these patterns showed strong 
reflections from the underlying substrate since the coatings were so thin. XPS spectra of the 
coatings were obtained in a VG Microlab using AlKa radiation. 
Coating thicknesses were measured by viewing the edge of a cleave in a SEM. The 
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thicknesses at deposition temperatures of 350, 400 and 500°C were 1.2, 3.0 and 2.35 !lm 
respectively while at 600°C the coating thickness was too small to measure. The variation in 
deposition rate with temperature was established to be weak but reached a maximum 
between 400 and 500°C. The cleaved edges of samples generally exhibited a columnar 
coating structure, although this structure was less evident on coatings deposited at 500°C, it 
was still evident towards the top of their cross-section and at their surfaces. The apparent 
change in grain width observed with thickness of the coating was thought to be due to 
columnar grains "growing out" - being overgrown by faster growing neighbours. The change 
in deposition rate was lower than anticipated for a fully kinetic-controlled process and it was 
therefore concluded that a strong degree of diffusion control was present even at low 
deposition temperatures. Coatings deposited at 550 and 600°C consisted exclusively of bcc 
a-tungsten while coatings deposited at lower temperatures gave a broad XRD peak close to 
the angle expected for the J3-forrn of tungsten, although the clarity was reduced by some 
overlap with a GaAs substrate reflection. Therefore the coatings deposited at lower 
temperatures were suspected to have a more amorphous grain structure or possibly a 
microcrystalline structure. 
Coatings characterised by XPS were all treated with a plasma until the intensity and position 
of the appropriate peaks became constant, in order to avoid any spurious contributions from 
possible surface contaminants. This was achieved by transferring samples, without removal 
from the vacuum, to a chamber where an argon plasma was applied at 13 x 10.9 atm, 2 keY 
and 50 !lA for 5 minute periods. Care was taken to return the sample to the identical 
position in the X-ray beam after each plasma treatment so that measured XPS intensities 
were comparable. It was reported that the strongest emission from tungsten was a doublet 
with its peaks close to 31.0 eV 4f712 and 33.2 eV 4f5/2. The region around this doublet was 
monitored, as were the strong carbon peaks at 285.0 eV 1s and the oxygen peak at 530.9 eV 
Is. The prime objective of the plasma was to desorb atmospheric carbon and oxygen so that 
the remaining levels of these elements could be taken to be indicative of the levels present in 
the as-deposited coatings. However, after plasma treatment the coating may have changed 
structurally and in composition. This was illustrated by a change in shape of the tungsten 
doublet. In all cases, the as-deposited coating doublet was doubled with the two pairs of 
peaks separated by about 3 to 4 e V. The higher energy pair was the stronger in the coatings 
deposited at 350 and 500°C but not in coatings deposited at 600°C. Plasma treatment tended 
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to reduce the strength of the higher energy pair of peaks whilst it strengthened the lower 
energy pair. A weak shoulder, attributed to W03, was often observed near 36 eV. This peak 
was also weakened after plasma treatment. The carbon and oxygen spectral intensities were 
reduced in all cases after the fIrst plasma treatment but remained almost unchanged after the 
second. The carbon peak showed some slight change in shape after the plasma treatment and 
a small downward shift in energy while the oxygen peak remained unchanged in energy 
throughout. Therefore levels measured after the fIrst etch were taken as being representative 
of the levels of carbon and oxygen in the coating. QuantifIcation of the carbon, oxygen and 
tungsten levels in the coatings was carried out using relative sensitivity factors resulting in 
the calculated atomic percentages presented in Table 2.1, assuming that carbon, oxygen and 
tungsten constituted the entire coating. 
The low energy doublet component of the tungsten XPS spectrum was confIdently attributed 
to a-tungsten. Among the as-deposited coatings it was found to be strongest in those 
deposited at 600°C which also showed solely a-tungsten reflections in their XRD pattern. 
The interpretation of the high energy doublet was less clear. It was found to coincide in 
energy with a feature attributed by others investigators, according to Haigh et al., to 
~-tungsten. However, no ~-tungsten reflection was observed in the as-deposited coating 
deposited at 600°C and it was therefore thought that the ~-tungsten was not in a well-defIned 
crystalline state. As illustrated in Table 2.1, the carbon and oxygen contents of the coatings 
fell as deposition temperature increased, the oxygen level falling more rapidly. It was felt 
that the information was not reliable enough to correlate these falls with the changes in 
intensity observed for the two tungsten doublets, but that oxygen loss may have been related 
to the accompanying change of tungsten phase from ~ to a. In conclusion, it was observed 
that the negligible or low equilibrium residual carbon and oxygen levels predicted by the 
thermodynamic assessments were not achieved in practice. Also, crystallinity was poor at 
deposition temperatures below 500°C whilst higher deposition temperatures reduced the 
incorporation of carbon and oxygen and helped to suppress the oxygen-containing ~-tungsten 
phase. 
It is interesting to note in passing that the pyrolysis of W(CO)6 route has also been used by 
Thomas and Chain(94) in an attempt to deposit tungsten oxide coatings utilising the basic 
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deposition reaction: 
W(CO)6 + O2 ~ W02 + 6CO 
Although the deposition of tungsten oxide is not strictly relevant to the present work, 
infonnation gleaned regarding the evaporation of W(CO)6 is extremely pertinent. In their 
work, the W(CO)6 precursor powder was heated to 90°C to provide sufficient vapour 
pressure whilst argon was used to transport the W(CO)6 vapour to the horizontal, radiatively 
heated, quartz reactor coating chamber. All tubing between the W(CO)6 source and the 
reactor coating chamber was kept at a temperature of 100°C with the exception of a 
"saturation area" which was kept at 70°C. 
In addition to conventional CVD, tungsten coatings have also been deposited from W(CO)6 
by plasma-assisted CVD (PACVD) and laser-assisted CVD (LACVD). The PACVD 
technique has been employed to deposit tungsten coatings for erosion resistance in gun 
barrels[951 and as an alternative to the WF6 route[96. 97]. However, the LACVD technique has 
been used primarily to deposit tungsten coatings for use in the microelectronics industry for 
devices such as integrated circuits or semiconductor components[53, 98, 991. 
2.4 Tungsten Carbide Coatings Deposited by Other Deposition 
Techniques 
Several deposition techniques other than CVD have been employed in an attempt to deposit 
tungsten carbide coatings. A brief review is presented here, primarily concerned with the 
characterisation of the tungsten carbide coatings thus deposited. In their work, Slimani et 
al. [IDOl established the presence of three layers in coatings deposited on steel substrates by 
combined PVD direct current (d.c.) sputtering and CVD techniques: a microcrystalline 
chromium layer about 500 nm thick, a layer of microcrystalline tungsten carbide about 
250 nm thick and a tungsten-carbon layer about 16 l1m thick. The average composition of 
the latter coating layer was about 25 at. % tungsten and 75 at. % carbon. Grazing incidence 
angle X-ray scattering revealed the microstructure of this layer to consist principally of a 
large number of nanocrystals enriched in tungsten, between 12 and 20 A in size, embedded 
in a carbon matrix. These nanocrystalslprecipitates were reported to be either a.-W2C or 
13-WCI_x. The very much thinner tungsten carbide layer was shown to be columnar in nature 
with a grain size between 10 and 30 nm. It was suggested that this tungsten carbide was of 
the fcc fonn I3-WCI-x> where x was reported to be the ratio of the number of unoccupied 
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carbon sites to the total number of possible carbon sites in the cubic lattice. For x = 0, the 
13-WCI.x phase was reported to have a lattice parameter of 4.248 A and for x = 0.18, a lattice 
parameter of 4.215 A. 
In contrast to Slimani et al., Cavaleiro et alyol) utilised solely a PVD d.c. sputtering 
technique in an attempt to deposit tungsten carbide coatings onto HSS substrates. They 
found that d.c. sputtering of a WC-IS wt. % cobalt target facilitated the deposition of coatings 
with two different structures: a-W2C and "near amorphous". However, the use of a WC 
target with a lower (6 wt.%) cobalt content yielded a J3-WCI.x coating structure. Taylor also 
utilised a PVD d.c. sputtering technique in his attempt to deposit tungsten carbide coatings 
onto beryllium[I02) and beryllium oxide[l!)3) substrates. The tungsten carbide coatings on 
beryllium were between 0.5 and 3.0 IlID thick, and had surface roughness (Ra) values 
between 0.005 and 0.17 Ilm, while those deposited on beryllium oxide were between 2.5 and 
3.0 J.lm thick. Two different coating structures were obtained on the beryllium oxide 
substrates depending on deposition conditions: WC-cobalt and WC. However, both coatings 
exhibited a complex nodular surface appearance resembling that of broccoli, with each floret 
being approximately 1.5 Ilm in diameter. 
Wickersham et al. (104) employed reactive radio frequency (r.f.) sputter deposition apparatus 
to physically vapour deposit their tungsten carbide coatings onto iridium substrates using a 
WC-cobalt target under an acetylene-argon atmosphere. The researchers discovered that as 
the acetylene partial pressure was increased, the coating structure and composition changed 
from J3-WCI.x to an amorphous carbon-rich material. A columnar structure was observed in 
all coatings above 3 Ilm thick while the surface morphology was shown to consist of 
"hillocks or cones". Srivastarva et al. (105) also employed an acetylene-argon gas mixture in 
their PVD reactive r.f. sputter deposition of tungsten carbide coatings onto 304 stainless 
steel, however, they utilised a tungsten target. They found that when the acetylene and argon 
were mixed before entering the reactor coating chamber a WC coating was deposited, whilst 
if the acetylene and argon were introduced separately into the reactor coating chamber then a 
mixed coating consisting of tungsten-carbon, W3C and carbon (graphitic and diamond-like) 
was deposited. Microhardness values of approximately 3200 and 2365 HV were obtained 
for the single-phase WC and mixed phase coatings respectively. Reactive r.f. sputter 
deposition was also utilised by Machida et al. (106) who deposited tungsten carbide coatings 
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onto thin (0.1 mm) tantalum foil substrates using a tungsten target in an argon-C~ 
atmosphere at a total pressure of 5 x 10-6 atm. They established that coatings with a 
tungsten:carbon ratio of 1:1 could be prepared by sputtering in an argon-1O mol.% C~ 
atmosphere and that the coatings contained two forms of carbon: carbide and graphite. They 
therefore concluded that the coatings were a mixture of tungsten carbide and free carbon. 
In their work, Ramalho et al. [107] employed PVD r.t: magnetron sputtering to deposit 
tungsten-carbon-cobalt coatings onto polished HSS substrates, in an attempt to establish the 
role of cobalt in the coatings. They found that coatings containing less than 10 at. % cobalt 
were crystalline while those containing more than 10 at.% cobalt were amorphous. 
Microhardness measurements on coatings deposited on M2 HSS substrates yielded values 
between 1700 and 4100 HV. The wide microhardness variation was attributed to different 
internal residual stress levels induced by different deposition conditions. Yang et al. [108.109] 
also utilised PVD r.f. magnetron sputtering in an attempt to deposit tungsten carbide coatings 
onto silicon substrates, however, they employed a co-sputtering target consisting of graphite 
with strips of tungsten laid over it. The graphite and tungsten concentration was varied by 
using tungsten strips of different widths. Yang et al. concentrated on the deposition of 
W7SC2S coatings of the hexagonal cr.-W2C form although W43CS7 coatings were also 
deposited in the cubic WCI .• form. It was found that the W7SC2S coatings prevented the 
interdiffusion and interaction between a gold or silver overIayer and the silicon substrate 
after annealing for 30 minutes at temperatures up to 700°C. 
In their work, Eser et al. [110-112] studied both the d.c. and r.f. sputtering of tungsten carbide 
coatings onto beryllium substrates from WC-cobalt targets and, in particular, investigated the 
influence of d.c. substrate bias on coating characteristics. On increasing the substrate bias 
from 0 to -400 V, they observed a decrease in the coating carbon:tungsten atom ratio from 
0.72 to 0.46 and 0.69 to 0.16 for d.c. and r.f. sputtered coatings respectively. It was found 
that d.c. sputtered coatings exhibited a columnar structure at all bias values whereas the 
development of a columnar structure was inhibited in r.f. sputtered coatings at negative bias 
levels higher than 200 V. A phase change from ~-WCI.x to cr.-W2C occurred in the coatings 
at an elevated substrate bias in both deposition modes. Fuchs et al. [113] investigated tungsten 
carbide coatings deposited onto molybdenum and cemented carbide substrates using both 
d c. and r.f. magnetron sputtering. Tungsten targets were used in reactive (acetylene-argon) 
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atmospheres while WC targets were used in non-reactive (argon) atmospheres. Sputtering 
from WC targets produced carbon deficient mixed-phase structures with 13-WCI.x as the 
main component. Conversely, reactive deposition led to highly disordered tungsten-carbon 
coatings which X-ray studies showed to be almost amorphous. Fractograms revealed very 
fine-grained to amorphous coating structures for all deposition modes. Coating 
rnicrohardness values higher than 3000 HV 0 os were reached using non-reactive d.c. 
sputtering. 
In addition to PVD, both plasma and thermal spray techniques have been employed to 
deposit tungsten carbide coatings. Vinayo et al. [114] utilised open atmosphere 
argon-hydrogen plasma spraying and controlled atmosphere argon-helium chamber plasma 
spraying at reduced pressures. Various powders were studied: WC-cobalt (12, 17 and 
20 wt.% cobalt) manufactured by different techniques (sintered, atomised and coated) and 
W2C-cobalt (20 wt.% cobalt). The decomposition and oxidation of the powders during 
spraying were thought to proceed in three stages: 
2WC ~ W2C+C 
In general, coatings exhibited poor density and high porosity at the coatinglsubstrate 
interface with pore sizes typically less than 40 )lm. Coating hardnesses varied between 600 
and 2100 HV which was thought to correlate with the degree of decomposition and oxidation 
of the powders during spraying. However, no decomposition was found to take place during 
controlled atmosphere spraying. In very similar work carried out by Tu et al. [lIS], it was 
found that the hardness of vacuum plasma sprayed tungsten carbide-cobalt coatings was 
about 200 HV softer than air plasma sprayed ones. XRD analysis of the vacuum plasma 
sprayed coatings revealed that the main constituent of the coatings was tungsten carbide in 
the form WC, whilst another minor phase with XRD peaks corresponding to lattice spacings 
of 1.26, 1.42, 2.05 and 2.09 A was also present. Analysis of the air plasma sprayed coatings 
, 
identified them as primarily containing W2C. 
Finally, tungsten carbide coatings have also been formed using electrodeposition. Stern et 
al [116] describe a method for the simultaneous electrochemical reduction of tungstate (W04) 
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and carbonate (C03) ions in a molten fluoride bath for the deposition of hard tungsten 
carbide coatings. Two nickel substrates were coated with 2.3 and 6.5 Ilm thick coatings 
respectively. The thicker coating consisted of coarse grains (50 to 100 Ilm in size) 
interspersed with much fmer grains (a few microns in size). However, both sizes of grain 
were more or less equi-axed. The thinner coating also exhibited a similar grain structure 
with coarse grains between 10 and 50 Ilm in size. AES analysis revealed both coatings to be 
W2Crich. 
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Table 2.1 : Carbon, Oxygen and Tungsten Content of Coatings Deposited at Different 
Temperatures l93/ 
Deposition Temperature Carbon Oxygen Tungsten 
('C) (al.%) (al.%) (al.%) 
350 23 28 49 
500 25 21 54 
600 17 13 70 
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3. EXPERIMENTAL WORK AND RESULTS 
In the first two sections of this chapter, the HSS inserts used as substrates and the CVD 
reactor used for coating deposition are respectively detailed. This is followed in the next 
four sections by an in-depth account of the experimental work carried out. 
3.1 High Speed Steel Inserts 
The HSS inserts employed throughout the present work were PM BT42 grade HSS 
SPGN 120308[1171 indexable cutting tool inserts, commercially manufactured by Edgar Alien 
Danite Ltd. using their aforementioned patented cold compaction and direct vacuum 
sintering PM route[91. Prior to compaction, the water atomised, prealloyed HSS powder 
employed was hydrogen annealed both to soften it and also to reduce its oxygen content. 
The annealed powder was then double-end pressed at a pressure of approximately 550 MPa 
to give green compacts, approximately 14.9 mm square by approximately 4.2 mm thick. The 
green compacts were then vacuum sintered to theoretical density, the sintering cycle 
employed, which lasted for approximately 5 h being detailed below: 
Evacuate sintering furnace to starting vacuum of 132 x 10.9 atm. 
Preheat to 900°C at 25°C minute· l • 
Hold at 900°C for 10 minutes. 
Heat to sintering temperature of 1240°C at 5°C minute· l . 
Sinter at 1240°C for 1 h. 
Inert gas quench to room temperature. 
After sintering, the inserts were approximately 13.1 mm square (on their rake face) by 
approximately 3.6 mm thick. They were next surface ground at Pramet Division 1 in the 
Czech Republic so as to conform to the dimensions specified for ISO designation 
SPGN 120308[117] indexable cutting tool inserts, shown in Figure 3.1. The insert cutting 
edges were rounded to a radius of approximately 0.06 mm. 
The chemical composition of BT42 grade HSS[1I8] is quoted in Table 3.1. To check the 
composition of the inserts to be used in the present work, one insert was analysed using 
energy dispersive X-ray (EDX) analysis on a SEM. Only the major elements were analysed; 
carbon cannot be detected by EDX analysis because its atomic mass is so small. The results 
obtained are presented in Table 3.1. As can be seen, there was significantly more tungsten 
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present in the HSS insert than the B.S. specification permits. As this was not considered 
detrimental to the present work, it was decided to continue to use the inserts. 
Prior to their use in the present work, the ground, as-sintered inserts were annealed in-house 
using the M & J Engineering Ltd. VF1515 vacuum heat treatment furnace with over-pressure 
gas quenching facility shown in Figure 3.20 The annealing cycle employed is detailed below: 
Evacuate furnace to 7 x 10-6 atm. 
Heat to 950°C at 15°C minuteolo 
Hold at 950°C for 60 minutes. 
Cool to 600°C at 1°C minuteol . 
Nitrogen gas quench to room temperature. 
In addition, for reasons which will subsequently be made clear, some inserts used in later 
coating runs were austenitised and single tempered after annealing, in the same vacuum heat 
treatment furnace, using the cycle detailed below: 
Evacuate heat treatment furnace to 7 x 10-6 atm. 
Heat to 850°C at 15°C minuteol . 
Hold at 850°C for 10 minutes. 
Heat to 1050°C at 15°C minuteolo 
Hold at 1050°C for 10 minuteso 
Heat to 1200°C at 15°C minuteol . 
Hold at 1200°C for 7 minutes. 
Nitrogen gas quench to room temperature. 
Heat to 550°C at 15°C minuteolo 
Hold at 550°C for 90 minutes. 
Nitrogen gas quench to room temperature. 
3.2 CVD Reactor 
Figure 303 and Figure 3.4 respectively, show a photograph and a schematic diagram of the 
complete laboratory-scale CVD reactor employed in the present work, with the exception of 
the gas supply cylinders. As is evident from Figure 3.4, the argon carrier (Arc) gas flows into 
the W(CO)6 evaporation unit and carries the evaporated W(CO)6 either through the Arc + 
W(CO)6 by-pass pipe or, during coating, through the Arc + W(CO)6 pipe. The Arc + W(CO)6 
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is then mixed with the argon diluent (Ard) gas and subsequently transported through the 
mixed gas delivery (m.g.d.) pipe into the coating chamber. All the pipework downstream of 
the W(CO)6 evaporation unit is heated and insulated to prevent the gaseous W(CO)6 from 
condensing. To satisfy safety requirements, the Arc and Ard gas cylinders had to be stored 
outside the laboratory in which the CVD reactor was located. They were contained in a 
purpose built cage. Two hydrogen gas cylinders (H2-1 and Hr2), the purpose of which will 
be made clear later, were similarly contained. The Arc and Ard gases had purities of 
99.9997 % and 99.996 % respectively while both hydrogen gases had purities of 99.999 %. 
A supply pressure of 0.34 atm (5 p.s.i.) was employed for all the gases via a two-stage 
regulator on each of the gas bottles. As illustrated in Figure 3.5, the flow rate of the gases 
was controlled by four Spectrol flow meters with borosilicate glass metering tubes and glass 
(g.) and 316 stain1ess steel (s.s.) floats. The maximum flow rates attainable for the Arc, Ard 
and both Hr1 and H2-2 gases were 235 cm3 minute' I (s.s. float), 681 cm3 minute-I (5.5. float) 
and 1797 cm3 minute·1 (s.s. float) respectively. It should be noted that flash-back arrestors 
were installed on the two hydrogen gas lines, again to satisfy safety requirements. Also 
visible in the top right hand corner of Figure 3.5 is the Eurotherm 020 type temperature 
controller for the W(CO)6 evaporation unit. 
Figure 3.6 and Figure 3.7 respectively, show a general view and a schematic diagram of the 
W(CO)6 evaporation unit. The unit is situated within a fume cupboard for safety reasons. 
As can be seen from Figure 3.6, the 316 s.s. gas delivery and mixing pipework systems 
(6 mm O.D. x 0.711 mm wall thickness) are constructed as an integral part of the 
evaporation unit. The valves evident on these pipes are Swagelok H series 316 s.s. valves. 
Also visible in this photograph are three commercially available heat guns (RS 240 V, 2 kW) 
used to heat "cold spots" which could lead to condensation of the evaporated W(CO)6. 
A detailed top view of the evaporation unit with the lid removed is shown in Figure 3.8. It is 
evident from this figure that the main body of the unit consists essentially of an insulated 
box, with an inner and outer 316 s.s. shell separated by 13 mm thick Fibrefrax ceramic fibre 
insulation. The box lid has a similar construction. The 316 s.S. Arc and H2-l gas delivery 
pipes visible in Figure 3.8 are connected, respectively, to the Arc and H2-1 316 s.s. pipes on 
the glass evaporation vessel. The latter two pipes can be distinguished from each other since 
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the Swage10k 4P4T type s.s. plug valve on the Arc pipe is oriented vertically, whilst that on 
the Hr 1 pipe is horizontal. 
A view inside the evaporation unit is presented in Figure 3.9. The upper part of the glass 
evaporation vessel which contains the W(CO)6 powder during evaporation, can be seen. 
This 99.0 % pure, anhydrous W(CO)6 powder was obtained from Aldrich Chemicals Co. Ltd. 
with the following quoted physical and chemical properties: melting point = 150°C, specific 
gravity = 2.650, vapour density = 12.1 and vapour pressure = 1.2 mm at 67°C[1 191. It was 
described as a toxic white crystalline powder which had hazardous decomposition products 
of CO and C02 toxic fumes. Also visible in Figure 3.9 are the aforementioned 316 s.s. pipes 
for carrying the Arc gas (in the foreground) and the H2-1 gas (at the right hand side) into the 
glass evaporation vessel, and the Arc + W(CO)6 gas mixture pipe (in the centre) and the Arc 
+ W(CO)6 by-pass pipe (at the rear). The Quickfit plastic caps (with Quickfit silicone rubber 
rings and PTFE washers) used to attach these pipes to the glass evaporation vessel can also 
be seen. Silicone fluid (Dow Coming 210HlI00cs type) was employed as the heating 
medium for the glass evaporation vessel and W(CO)6 powder. Heating of the silicone fluid 
itself was achieved by an immersion type heater controlled by the aforementioned 
temperature controller visible in the top right hand corner of Figure 3.5. The stirrer motor 
assembly and propeller shown in Figure 3.7 and Figure 3.8 (only the propeller drive shaft is 
visible in the latter) were provided in an attempt to attain uniformity of temperature in the 
silicone fluid. The silicone fluid was additionally used to preheat the H2-1, Hr2, Arc and Ard 
gases by heating the s.s. pipes containing them. The air gap between the silicone fluid and 
the lid of the evaporation unit was heated by heat gun I (see Figure 3.6, Figure 3.7 and 
Figure 3.8), the outlet nozzle of which is just visible on the left hand side of Figure 3.9. 
As mentioned earlier in this section, all the pipework downstream of the W(CO)6 
evaporation unit is heated and insulated. In the case of the Arc + W(CO)6 by-pass pipe 
(vertical) and the initial section of the Arc + W(CO)6 pipe (horizontal) this is evident in 
Figure 3.8. Heating of both was achieved by means of a single spirally wrapped 
Electrothermal HCI03 type glass insulated heating cord (obviously applied before they were 
insulated), which will be termed the evaporation heating cord. Two types of insulation were 
employed: 6 mm thick Fibrefrax ceramic fibre insulation (density 128 kg mol) spirally wound 
between the heating cord, and on top of this and the heating cord, several layers of 13 mm 
78 
The Low Temperature CVD of Tungsten Carbide Experimental Work and Results 
thick PermaRock Rockwool insulation. The outer surface was protected by aluminium foil 
tape. The evaporation heating cord was connected to a Radio Supplies Ltd. (RS) 0.5 A 
variable transformer which facilitated the necessary temperature control. This rather 
complicated evaporation unit design was necessary in order to facilitate removal and 
replacement of the glass evaporation vessel (and associated pipework) whilst sealed under an 
inert gas atmosphere (required in order to load the W(CO)6 powder prior to coating), and 
removal and disassembly (to permit cleaning after a coating run). 
Heat gun 2, visible in Figure 3.6, was used to heat the joint between the initial and fmal 
sections of the Arc + W(CO)6 pipe, heat being confined to this joint by the box evident in this 
figure. The joint between the initial and final sections of the Arc + W(CO)6 pipe is just 
evident in Figure 3.8. Similarly, heat gun 3, visible in Figure 3.6, was used to heat the valve 
on the final section of the Arc + W(CO)6 pipe (which connects to the m.g.d. pipe) via the 
corrugated tube assembly partly visible in Figure 3.8. 
Figure 3.10 shows the reactor furnace (viewed from the inlet end) and associated equipment. 
Also visible in this figure is the 316 s.s. m.g.d. pipe (6 mm O.D. x 0.711 mm wall thickness) 
to the reactor coating chamber. The m.g.d. pipe was heated and insulated in a similar manner 
to the Arc + W(CO)6 by-pass and Arc + W(CO)6 pipes. The Electrothermal HCl05 type 
glass insulated heating cord on the m.g.d. pipe was connected to an RS 8 A variable 
transformer and a BICC Pyrotenax SATZCOINA240c type temperature controller, 
facilitating the necessary temperature control. Heat gun 4 visible in Figure 3.10 (and in 
Figure 3.3) was used to heat the valve in the m.g.d. pipe. The rotary pump assembly used to 
initially evacuate the coating chamber prior to the argon purging stage of the coating cycle is 
also shown in Figure 3.10. The reactor coating chamber itself was heated by six KanthaI 
Cruslite heating elements. Control of these elements was by means of the Eurotherm 818P 
type temperature controller and progranuner visible in Figure 3.10, which was connected to a 
platinum/platinum-13 % rhodium thermocouple with its junction adjacent to the furnace hot 
zone and a Eurotherm Eurocube 425 type thyristor. 
Figure 3.11 is a detailed view of the inlet end of the reactor coating chamber, showing the 
316 s.s. end cap, the heated and insulated end section of the m.g.d. pipe, the 316 s.s. pipe 
connection to the rotary pump and the inlet end water-filled copper cooling coils (to protect 
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the O-ring inside the inlet end cap-see Figure 3.12). The inlet end cap also incorporates the 
Incone1 600 sheath for the platinumlplatinum-13 % rhodium thermocouple to be used to 
monitor the actual deposition temperature during coating. Heat gun 5 was initially used to 
heat the short length of m.g.d. pipe connected to the inlet s.s. end cap; insulation being 
provided to retain the heat. However, for reasons described later in the text, heat gun 5 was 
replaced by an Electrothermal HCI03 type glass insulated heating cord which was insulated 
in a similar manner to the other heating cords. Also attached to the short length of m.g.d. 
pipe was a thermocouple. It is this latter arrangement which can be seen in Figure 3.11. 
A schematic diagram of the CVD reactor coating chamber is shown in Figure 3.12. It is 
evident from this figure that the reactor coating chamber consists, essentially, of an outer 
recrystallised alumina tube and an inner Inconel 600 tube, inside which the PM HSS inserts 
to be coated were located. The inserts were initially supported in an approximately 83 mm 
long Incone1 600 holder, illustrated in Figure 3.13, with holes to accommodate up to eight 
inserts. It should be noted that the aforementioned, recrystallised alumina, tube was not 
employed as the reactor coating chamber because the tensile stresses in a coating deposited 
on the alumina tube could eventually cause the tube to fracture!231. The inner Inconel 600 
tube was located and supported by two Inconel 600 cones connected to the m.g.d. pipe at the 
inlet end and to the Inconel 600 exhaust gas pipe (12 mm O.D. x 0.911 mm wall thickness) 
at the outlet end of the reactor coating chamber. O-rings incorporated in the end caps (see 
Figure 3.12) were used to seal each end of the recrystallised alumina tube. The outlet end 
cap was removed to facilitate placement of the inserts and insert holder in the reactor coating 
chamber. The Inconel 600 reactor coating chamber inner tube itself and the Inconel 600 
deposition temperature monitoring thermocouple sheath and initial Inconel 600 insert holder 
are shown in Figure 3.14. 
Figure 3.15 shows the outlet end of the reactor coating chamber. The exhaust gas pipe 
connected to the 316 s.s. outlet end cap was heated and insulated in the same manner as 
described earlier. The Electrothermal HCI03 type glass insulated heating cord on the 
exhaust gas pipe was connected to an RS 0.5 A variable transformer to facilitate the 
necessary temperature control. Even though the by-products of the WC deposition reaction 
are gaseous, the exhaust gas pipe was still heated and insulated to prevent blockages arising 
from the possible accumulation of any unreacted W(CO)6, and to maintain a more uniform 
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temperature profile throughout the reactor coating chamber. A Swagelok H series 316 s.s. 
valve was fitted on the exhaust gas pipe together with a gauge to monitor any possible 
pressure build-up in the reactor coating chamber. The outlet from the exhaust gas pipe (6 
mm 0.0. x 0.711 mm wall thickness) was situated inside the aforementioned fume cupboard 
(see Figure 3.6) for safety reasons. 
3.3 Preliminary Work 
In any practical scientific investigation it is imperative to first establish a sound basis from 
which to continue the investigation. In the next five sections, a comprehensive account of 
the preliminary work undertaken in the present investigation is detailed. 
3.3.1 Evaporation Calibration Curve 
An essential precursor to the coating deposition experimental work was to first determine the 
evaporation characteristics of the W(CO)6 in the form of a calibration curve. With reference 
to data from the suppliers of the W(CO)6[1l9] and to previous work on its evaporation[87] it 
was decided to use an evaporation temperature range of 110 to 140°C. The determination of 
the calibration curve is detailed below. 
Placing the W(CO)6 to be evaporated into the glass evaporation vessel was carried out in a 
Safetech CAlOO Inertsphere with a Hi-Hat extension installed. The container of W(CO)6 
powder and the glass evaporation vessel (and associated pipework), sealed under an inert 
argon atmosphere, were placed in the Inertsphere, after which oxygen-free nitrogen was 
passed through it. Eventual attainment of the desired oxygen-free atmosphere was indicated 
visually and audibly. The Arc pipe (see Figure 3.9) was removed from the glass evaporation 
vessel, by unscrewing the plastic cap, and a glass funnel placed in the port thus vacated. 
Two heaped spatulas ofW(CO)6 were then poured into the glass evaporation vessel through 
the funnel, after which the funnel was removed and the Arc pipe replaced and resealed. The 
loaded glass evaporation vessel was then reconnected to the evaporation unit and the lid of 
the unit replaced. The evaporation heating cord and heat gun 1 were then switched on, the 
setting on the controller of the former being such as to give a by-pass pipe temperature of 
150°C. This was felt sufficient to prevent condensation of the evaporated W(CO)6 in the Arc 
+ W(CO)6 by-pass pipe, being higher than the maximum evaporation temperature to be used. 
Heat gun 1 which, as was described earlier, was used to heat the air gap between the silicone 
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fluid and the lid of the evaporation unit, was set to give various air temperatures (monitored 
by a thermocouple) depending on the evaporation temperature being investigated. For 
example, when the evaporation temperature was 140°C, heat gun 1 was set to give an air 
temperature in the tank of approximately 135°C so that when the silicone fluid was heated, 
the air temperature would rise to slightly above the evaporation temperature. This was to 
ensure W(CO)6 condensation did not occur on the glass evaporator vessel interior walls 
above the silicone fluid. Whilst the Arc + W(CO)6 by-pass pipe and tank air temperatures 
were climbing to their desired steady state values (2Y. h), a flow of oxygen-free argon (Arc) 
ran continuously through the glass evaporation vessel to prevent any pressure build-up and to 
protect the W(CO)6 from contamination. The flow rate of the Arc was arbitrarily chosen to 
be 30 cm3 minute-! and remained constant for all the evaporation temperatures investigated. 
After the initial 2Y. h period, the Arc + W(CO)6 by-pass pipe and tank air temperatures were 
steady at their desired values and the silicone fluid immersion heater was switched on, with 
the temperature controller (see Figure 3.5) set at the desired evaporation temperature. The 
stirrer motor was also switched on to ensure an even temperature distribution within the 
silicone fluid. The silicone fluid took approximately 15 minutes to heat up to temperature. 
Once this had been achieved, a cardboard board, approximately 250 mm square covered in 
aluminium foil was placed centrally over the top exit end of the by-pass pipe with the end of 
the pipe standing slightly proud of the board. The Arc gas flow rate was then increased to 
100 cm3 minute-! (to ensure the collection of an accurately measurable quantity ofW(COM, 
and the 15 minutes evaporation calibration period began. As the evaporated W(CO)6 exited 
the by-pass pipe it condensed in the cold atmosphere and fell back onto the aluminium foil 
covered board. The size of the board was considered to be adequate since all the condensed 
W(CO)6 fell in a circular area centred around the end of the by-pass pipe which did not 
extend over the edge of the board. At the end of the 15 minutes evaporation calibration 
period, the by-pass valve was simply closed, allowing the evaporator to back-fill with argon, 
and the immersion heater switched off. The silicone fluid stirrer was left on for a further 
15 minutes to ensure that the silicone fluid began to cool down eveuly. Heat gun 1 was also 
left on for the same time period so that the glass evaporation vessel experienced a slow rate 
of cooling, avoiding potential thermal shock. Subsequently, the condensed white W(CO)6 
crystals were collected from the aluminium foil covered board and weighed. This procedure 
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was repeated for each evaporation temperature, the W(CO)6 evaporation calibration curve 
thus obtained being shown in Figure 3.16. 
3.3.2 Initial Experimental Procedure and Reactor Settings 
The initial experimental procedure used in an attempt to deposit tungsten carbide coatings 
was adapted from the work ofNaeeml231. The coating cycle, planned for a deposition time of 
1 h, is listed below: 
1. Evacuate reactor coating chamber using rotary pump (see Figure 3.4 and Figure 3.10) to a 
starting vacuum of 10'! atm. 
2. Heat reactor coating chamber (and the uncoated HSS inserts) to the deposition 
temperature under a reducing hydrogen atmosphere and equalise at the deposition 
temperature for 1 h. 
3. During the latter 30 minutes of stage 2, heat the evaporation unit to the evaporation 
temperature. 
4. Chemically vapour deposit the tungsten carbide coating onto the uncoated HSS inserts 
using the basic reaction as shown in equation 1.1. 
5. Cool the reactor coating chamber and the coated inserts to room temperature, under a 
reducing hydrogen atmosphere. 
More detailed information on the initial coating cycle can be found in the experimental 
procedure laboratory sheets shown in the appendix. After each coating run the reactor 
coating chamber was scrubbed to remove any loose deposits. Subsequently, the furnace and 
associated pipework were heated to 1050 and 180°C respectively under a reducing hydrogen 
atmosphere using the same experimental procedure as for the initial coating run in order to 
reduce any surface contaminants and residual W(CO)6 that may have been left. 
Before the initial coating run it was necessary to establish the reactor settings that would be 
utilised. It was decided to employ argon as both the carrier and diluent gas since it was inert 
and would therefore take no part in the basic deposition reaction and also was readily 
available. A total argon flow rate of 400 cm3 minute'! was chosen based on the earlier work 
of Naeem who utilised the same experimental apparatus. Arc and Ard gas flow rates were 
chosen arbitrarily as 20 and 380 cm3 minute'! respectively, simply to establish a starting 
point. 
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It was discovered from the evaporation calibration curve work (see Section 3.3.1) that the 
W(CO)6 precursor material could be successfully evaporated at 140°C without any 
noticeable decomposition and therefore it was decided to use the same evaporation 
temperature during the initial trial coating run since it would yield the highest quantity of 
gaseous W(CO)6 without decomposition. In order to prevent any condensation of the 
gaseous W(CO)6 the evaporation tank air temperature was maintained at 145°C. This 
temperature was felt to be sufficient to prevent any condensation of the gaseous W(CO)6 
since it was higher than the evaporation temperature yet it was also considered low enough 
not to cause thermal decomposition of the W(CO)6 as the precursor reportedly decomposed 
at 150°C[1l91. Using the same logic, it was proposed to maintain the evaporation heating 
cord temperature slightly above 140°C at approximately 145°C and similarly with the Arc + 
W(CO)6 box. It was decided to set the m.g.d. pipe heating cord controller to 140°C so as not 
to cause thermal decomposition while the inlet was unheated. This was because it was 
thought that the m.g.d. pipe heating cord and the furnace would radiate enough heat to stop 
blocking and any additional heat may cause thermal decomposition of the W(COk 
It was known that the orifices in the Arc + W(CO)6 valve (no. 6) and the m.g.d. pipe valve 
(no. 7) were considerably smaller than the 4.5 mm internal diameter of the pipework 
connected to these valves and were therefore likely to cause restrictions. However, the 
contact time of the gaseous W(CO)6 with the valve seats would be relatively small compared 
with the length of the pipework and consequently it was thought that the valves could be 
safely heated above the reported thermal decomposition temperature of the W(CO)6 since the 
contact time would be so short that it would not have time to heat the W(CO)6 enough to 
cause thermal decomposition but enough to prevent condensation and blocking. Data on the 
Nu-Pro SS-4H type valves reported that if the valve cap temperature was 79, 99 or 110°C 
then the corresponding valve seat temperature was 315, 426 or 482°C respectively. 
However, it was thought that such high valve seat temperatures were excessive for the 
present application and consequently the data was extrapolated to lower seat temperatures, 
see Figure 3.17. The validity of such an extrapolation was certainly questionable since there 
were only three definite data points, however, in such a situation the only feasible solution 
was to draw a linear trend line as shown in Figure 3.17 to establish an approximate 
relationship between the valve cap temperature and the valve seat temperature. It was 
arbitrarily chosen to heat the valves so that the valve seat temperatures were of the order of 
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250°C. However, it was thought that since the gaseous W(CO)6 was more concentrated in 
the Arc + W(CO)6 section of pipework then there was more chance of condensation and 
blocking in the Arc + W(CO)6 valve than the m.g.d. pipe valve. Consequently, it was 
decided to heat the Arc + W(CO)6 valve and the m.g.d. pipe valve so that the valve seat 
temperatures were 260 and 240°C respectively. These temperatures corresponded to Arc + 
W(CO)6 valve and m.g.d. pipe valve cap temperatures of 68 and 64°C respectively. It was 
these valve cap temperatures that were monitored during coating runs since it was 
impractical to monitor the valve seat temperatures. 
It was decided that the deposition temperature should be as high as possible to enable a high 
deposition rate while at the same time remaining below the tempering temperature of the 
BT42 grade HSS inserts that were used, in order that this would obviate the need for a post-
coating heat-treatment to recover the mechanical properties of the HSS substrates after 
coating. Therefore, it was decided to utilise a deposition temperature of 550°C since this 
would coincide with the tempering temperature of the BT42 grade HSS inserts. 
In order to save time and expense, it was decided to utilise annealed BT42 grade HSS inserts 
instead of using hardened and tempered inserts. It was thought that this would make no 
appreciable difference at this early stage. The position of the inserts within the insert holder 
was as shown in Figure 3.18. It was decided that the insert holder should be located centrally 
in the reactor coating chamber hot zone and therefore a plot of the furnace hot zone was 
conducted. 
3.3.3 Hot Zone Plot at 550°C 
In an attempt to identify the hot zone location and uniformity of the furnace and therefore 
establish an optimum position for the uncoated inserts, a hot zone plot of the furnace was 
conducted at 550°C whilst under a protective argon atmosphere. In order to re-create the 
conditions of the initial coating run, the inlet end-cap was not heated, the m.g.d. pipe heating 
cord was set to a maximum of 140°C, the m.g.d. pipe valve cap temperature kept at 64°C, 
Arc + W(CO)6 valve cap temperature kept at 68°C and the exhaust heating cord set to 40 on 
the exhaust variac. A total argon flow rate of 400 cm3 minute"! was utilised (Arc = 
20 cm3 minute"! and Ard = 380 cm3 minute"!). It is evident from the hot zone plot, Figure 
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3.19, that at 550°C the temperature variation over the length of the aforementioned insert 
holder was less than 13°C when the insert holder was located centrally within the hot zone. 
3.3.4 Thermodynamic Analysis 
As previously mentioned, thermodynamic analysis indicates if a CVD reaction will proceed 
in the desired direction under specific conditions. Therefore, in the current section, a 
thermodynamic analysis of the basic CVD reaction used in the present work is detailed. This 
reaction has previously been cited in equation 1.1 but is reiterated below for convenience. 
W(CO)6 ~ WC+4CO+C02 
It was established, using Bernoulli's conservation of energy equation, that the total 
deposition pressure within the reactor coating chamber was slightly above atmospheric 
pressure during deposition and therefore a thermodynamic analysis at atmospheric pressure 
was considered appropriate. 
From thermodynamic tables[120, 1211, the Gibbs energy of formation, G, of each product and 
reactant of the CVD reaction can be found at atmospheric pressure and in the temperature 
range 300 K to 1000 K in intervals of 100 K. These are shown in Table 3.2. From this 
information, .6.GO can be obtained over the given temperature range as shown below with an 
illustrative example at 800 K. 
From equation 2.6: 
.6.Go = L nProds G Prods - L nRea", G Reacts 
= (Gwc +4Gco + Gco,)- (GW(CO).) 
= (-77.858 + 4 x -277.193 + -576.76)- (-1344.41) 
= -176439 + 1344.41 
.6.Go = -418.98 kJ morl 
Ohring[411 states that if .6.G is large and negative then the likelihood of homogeneous 
nucleation of solid particles within the gas phase is enhanced. Therefore, in order to reduce 
gas phase nucleation it is desirable to make .6.G less negative. If the calculated values of .6.Go 
for the present work are plotted against temperature, as in Figure 3.20, then it becomes clear 
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that by reducing the reaction (deposition) temperature, ~Go can be made less negative and 
therefore the likelihood of gas phase nucleation reduced. 
3.3.5 Initial Coating Run - Run 1 
The prime objective of the initial coating run was to establish if a coating could be deposited 
under the initial coating conditions described earlier and therefore establish a starting point. 
During the deposition period it was noticed that grey fumes were venting from the exhaust 
gas pipe while examination of the reactor coating chamber, after the initial coating run, 
revealed that dark grey soot-like deposits were present on the inlet and outlet end cones and 
in the middle of the reactor coating chamber. It was thought that this soot-like powder was 
gas phase nucleation by-product matter and will hereafter be referred to as sooty deposits. 
EDX analysis of the sooty deposits indicated that they were tungsten rich. All four inserts 
from the first coating run were analysed using EDX analysis on two randomly chosen areas 
on the rake and back faces of each insert. All of the major constituents of the BT42 HSS 
inserts (iron, tungsten, cobalt, chromium, vanadium, molybdenum) were analysed for and the 
results normalised. Unfortunately, it is not possible to analyse for carbon using EDX 
analysis and therefore no results for this element are presented. The average tungsten content 
for both randomly chosen areas on the rake and back faces of the inserts is presented in Table 
3.3. It is evident from this table that there is a significant increase in the tungsten content on 
the rake faces of inserts 1 to 3 when compared to the surface tungsten content of an uncoated 
BT42 grade HSS insert as shown in Table 3.1. It is also evident from Table 3.3 that there is 
a marked decrease in tungsten content progressing from insert 1 to insert 4 on the rake faces 
of the inserts. However, the tungsten content on the back faces of the inserts is in general 
notably less than the corresponding rake face and therefore such a marked decrease in 
tungsten content from insert 1 to insert 4 is less clear since the tungsten content approaches 
the tungsten content of the substrate. However, noting the substantial increase in tungsten 
content on the rake face of insert 1 it was considered pertinent to examine this surface by 
direct SEM examination. A typical region of the surface is shown in Figure 3.21. It is clear 
from this micrograph that the surface consists of grains that are typically less than 2 I1m in 
diameter, however, they are sparse and do not form a dense continuous coating. Also visible 
in this micrograph is much smaller particulate matter thought to be sooty deposits. 
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3.4 Study of Major CVD Process Parameters and Other Relevant 
Parameters 
Following the initial coating run it was decided to study the effect of various process 
parameters with the aim of reducing gas phase nucleation and depositing a dense continuous 
coating rather than the worthless deposits achieved in the first run. It was thought that the 
most effective way of reducing gas phase nucleation would be to reduce the deposition 
temperature, however, it was decided to firstly explore other methods of reducing gas phase 
nucleation since it was thought that reduced deposition temperatures could lead to poor 
adhesion. 
3.4.1 Effect of Utilising COd Gas - Run 2 
The ftrst attempt to reduce gas phase nucleation encountered was based on the suggestion by 
Powell et al. (122) that an excess amount of decomposition by-product suppresses the chemical 
reaction and hence reduces gas phase nucleation. Therefore based on the basic reaction 
given in equation 1.1 it was thought that the addition of an excess amount of CO or C02 
would aid the reduction of gas phase nucleation. However, it was also thought possible that 
the basic reaction may have been as shown below: 
W(CO)6 ~ W + 6CO 
Consequently it was decided to add an excess amount of CO rather than C02 in case the 
deposition reaction did not yield any C02 as a decomposition by-product. In an attempt to 
aid a ready comparison between the initial coating run and the present run it was decided to 
keep all other process parameters the same. It was thought easiest to simply replace the Ard 
gas with an identical flow rate of CO. EDX analysis results of the rake and back faces of the 
inserts taken from the COd run are presented in Table 3.4. It is clear from this table that there 
has been an increase in the tungsten content of the surface of the rake and back faces of 
inserts 1 and 2 although inserts 3 and 4 appear to have been unaffected by the addition of 
CO. This increase in tungsten content is undeniably better than the initial coating run, 
however, if a dense tungsten or tungsten carbide coating had been formed then a tungsten 
content nearer 100 wt.% would be expected since the EDX results are normalised. A typical 
region of the surface of insert 1 examined by direct SEM observation, shown in Figure 3.22, 
still reveals distinct evidence of sooty deposits, however, underlying this there does appear to 
be a coating of sorts with an extremely small grain size. Again this does not appear to form a 
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continuous coating and consequently the corresponding EDX analysis results corroborate this 
observation with a tungsten content of only 71.4 wt.%. 
3.4.2 Effect of Increased Ar d Flow Rate - Run 3 
In the second attempt to reduce gas phase nucleation and increase the tungsten content of the 
surface of the inserts, it was decided to increase the Ard flow rate on the assumption that the 
presence of more argon atoms would increase the mean free path between W(CO)6 molecular 
collisions and therefore reduce the coalition of reacted molecules. It was decided, arbitrarily, 
to increase the total flow rate by a factor oHive from 400 to 2000 cm3 minute"1 and to keep 
the Arc flow rate the same at 20 cm3 minute"l. Therefore the Ard flow rate was increased 
from 380 to 1980 cm3 minute"l. Again all other process parameters were kept the same as in 
the initial coating run. 
Surface tungsten analysis results of the inserts from the increased Ard coating run are 
presented in Table 3.5. It is unmistakable, from this table, that there has been a distinctly 
favourable increase in the tungsten content when compared to the initial and previous coating 
runs with the exception of the back face of insert 1. However, during the coating run it was 
noticed that large amounts of dark grey fumes were venting from the exhaust gas pipe and 
therefore gas phase nucleation and hence sooty deposits were suspected. Indeed, direct SEM 
examination of insert 1 from the increased Ard coating run as shown in Figure 3.23, revealed 
clear evidence of sooty deposits and consequently a worthless coating. Surface tungsten 
analysis results of the sooty deposits observed on the rake face of insert 1 and 4 is presented 
in Table 3.6. It is clear from this table that the rake face of insert 1 was tungsten rich while 
the rake face of insert 4 which was more sparsely covered in sooty deposits exhibited a lower 
tungsten content. 
3.4.3 Effect of Reduced Deposition Temperature - Runs 4 to 7 
After previous attempts at reducing gas phase nucleation and hence sooty deposits, it was 
decided to study the effect of reduced deposition temperatures in an attempt to further reduce 
gas phase nucleation and thereby deposit a continuous coating. 
Reduction of Deposition Temperature to 450°C - Run 4 
Considering the excess amount of sooty deposits encountered in the previous runs it was 
decided to lower the deposition temperature to 450°C and keep the remaining process 
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parameters identical to the initial coating run. During deposition it was evident that reducing 
the deposition temperature had a marked effect on the amount of gas phase nucleation as 
there were far less fumes venting from the exhaust pipe although there were stilI a few grey 
fumes visible. Examination of the surface of insert 1 from this run, as shown by a typical 
region in Figure 3.24, revealed a smaller grain size compared with the initial coating run (run 
1), however, the grains stilI appeared discontinuous. Also evident in this micrograph is a 
marked reduction/absence of sooty deposits shown in Figure 3.21. Inspection of the results 
of a surface tungsten analysis of the inserts, as shown in Table 3.7, clearly indicated a 
marked increase in tungsten content above that yielded by the initial coating run. In fact, the 
rake face of insert 1 exhibited very encouraging results (92.0 wt. % tungsten). 
Reduction of Deposition Temperature to 400°C - Run 5 
In an attempt to further reduce gas phase nucleation it was decided to decrease the deposition 
temperature to 400°C. On this occasion, during deposition, no by-product fumes were 
visible from the exhaust gas pipe, indicating a reduction of gas phase nucleation. Direct 
SEM examination of a typical region of the rake face of insert 1, as shown in Figure 3.25, 
revealed a much finer grain structure than experienced in previous coating runs and also 
appeared to be more continuous. However, indications of sooty deposits were also evident. 
Surface tungsten analysis results of the inserts which is presented in Table 3.8 showed a 
general increase in tungsten content. However, the general trend of decreasing tungsten 
content from the inlet to the outlet end of the reactor coating chamber and the lesser tungsten 
content exhibited on the back face of the inserts was still evident. 
Reduction of Deposition Temperature to 350°C - Runs 6 and 7 
Aware of the general improvement in coating characteristics exhibited in the previous run it 
was decided to further reduce the deposition temperature to 350°C (run 6). During coating 
there were no fumes visible from the exhaust gas pipe. However, while monitoring all 
deposition parameters during coating, it was noticed that both the Arc and Ard flow meters 
suddenly registered a decrease in flow rates. This was felt to be consistent with a blockage 
along the m.g.d. pipe and therefore the coating run was quickly terminated resulting in a 
deposition time of 40 minutes although the actual supply of gaseous W(CO)6 may have been 
significantly less because some of the W(CO)6 would have been used in causing the blockage 
which will have gradually built up throughout the deposition period. Results of surface 
tungsten analyses on the inserts from this run are shown in Table 3.9. It is clear from this 
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table that there was an increase in surface tungsten content of the inserts above the bulk 
substrate level however not as much as was achieved in the 400°C coating run. This was 
expected as the inserts were not coated for as long and probably had a less abundant supply 
of reactant gas. It was decided to repeat this run as no fumes were visible from the exhaust 
gas pipe during deposition and hence it was thought that a further reduction of gas phase 
nucleation could be achieved over the 400°C coating run. However, to repeat the coating run 
it was necessary to avoid any more blockages. It was thought that the most likely area for a 
blockage to occur was in the region where the m.g.d. pipe joined the reactor coating chamber 
and where no direct heat was applied. Since all other deposition parameters had remained 
constant between this run and the previous one then it was thought logical that the 
occurrence of a blockage was connected to the reduced furnace temperature and 
consequently it was thought that the indirect heat applied to this region by the furnace was no 
longer enough to stop the formation of blockages. Therefore an additional, direct source of 
heat was applied. This was supplied by a heat gun arbitrarily set to a low setting (1.0). 
The repeated coating run at 350°C (run 7) with the iulet heat gun set to 1.0 was successfully 
carried out for a deposition time of 1 h and no fumes were visible from the exhaust gas pipe 
during deposition. Surface tungsten analysis results of the inserts are presented in Table 3.10 
and show that, in general, the back faces of the inserts exhibited an increased tungsten 
content compared with coating run 5 conducted at 400°C. It was also evident that the rake 
faces of inserts 1 and 2 had comparable tungsten contents while the rake faces of inserts 3 
and 4 exhibited considerably less tungsten and a higher tungsten content respectively when 
compared to coating run 5. Direct SEM examination of the rake face of insert 1, as shown in 
Figure 3.26, revealed a very small grain structure with some areas forming a continuous 
coating while other areas appeared thin and discontinuous. A similar phenomenon was 
observed on insert 3, however, thin porous coated regions appeared to be interspersed with 
uncoated regions while insert 4 appeared uncoated. Results of surface tungsten analysis of 
the two regions observed on the rake face of insert 3 revealed a significant difference in 
tungsten content between the two regions (23.0 wt.% tungsten in an uncoated area and 
98.6 wt.% tungsten in a coated area). In order to establish the coating thickness obtained on 
each face of the inserts, a ball crater was made in the centre of each face. Essentially, this 
technique involves a rotating spherical steel ball, coated in fine diamond paste, being used to 
grind a crater in the surface of the coated sample. A schematic diagram of a ball crater in the 
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surface of a coated insert is shown in Figure 3.27. With reference to this figure, since the 
radius of the ball (R) determines the curvature of the crater, its total depth (d) can be simply 
calculated using the formula: 
d = 0 2
2 
SR 
where 02 is the diameter of the crater on the surface of the coating. Again with reference to 
Figure 3.27, it can be seen using simple geometry that the thickness of the coating (t) is given 
by the expression: 
where 01 is the diameter of the crater at the coatinglsubstrate interface. The resulting ball 
craters revealed that only traces of coating were visible on the rake faces of inserts I to 3 
while no coating was visible on the ball crater made on the rake face ofinsert 4 and the back 
faces of all inserts. It was also noticed that in those ball craters where only a trace of coating 
was visible then the coating was always present on the side of the crater corresponding to the 
lowest point of the face of the insert in the reactor coating chamber during deposition. 
With the reduction in deposition temperature and the addition of heat to the inlet end of the 
reactor coating chamber it was decided to check the location of the furnace hot zone. This 
was established in a similar manner to the description given earlier with the exception that 
the deposition temperature was set to 350°C and the inlet heat gun was set to 1.0. The 
resulting hot zone plot is presented in Figure 3.2S. It is clear from this plot and that done at 
550°C (Figure 3.19) that the centre of the furnace hot zone had moved by approximately 
5 mm towards the outlet end of the reactor coating chamber, however, the general profile of 
each of the hot zone plots was very similar. It was considered that the slight relocation of the 
furnace hot zone at the reduced deposition temperature would have had little effect on the 
coated inserts, however, to ensure a uniform deposition temperature profile across the length 
of the insert holder it was decided that the centre of the insert holder should coincide with the 
centre of the furnace hot zone in future coating runs. Therefore, in future coating runs, the 
distance the insert holder was pushed into the reactor coating chamber was reduced by 5 mm. 
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3.4.4 Effect ofIncreasing Reactant Gas Partial Pressure - Runs 8 and 9 
After appearing to reduce gas phase nucleation it became apparent that the coating thickness 
needed to be increased and the problem of coating uniformity from the inlet to the outlet end 
of the reactor coating chamber addressed. To increase the coating thickness it was decided to 
increase the W(CO)6 reactant gas partial pressure. This was done by increasing the Arc flow 
rate. It was thought that this may also have increased coating uniformity. 
Effect of Gradually Increasing Reactant Gas Partial Pressure - Run 8 
Unfortunately, only two uncoated inserts were available for coating whilst a new stock of 
BT42 grade HSS inserts was on order and therefore it was decided to carry out the present 
coating run with only two inserts. These were placed in the insert holder in positions 1 and 
4. To increase coating thickness it was decided to gradually increase the AIc flow rate and 
therefore W(CO)6 reactant, and decrease the AId flow rate in order to maintain the same total 
flow rate. Therefore, at the start of deposition, the Arc and AId flow rates were set at 20 and 
380 cm3 minute'! respectively as before and adjusted to 40 and 360 cm3 minute'! respectively 
after 10 minutes and so on in 20 cm3 minute'! steps at 10 minute intervals. After 60 minutes 
and at Arc and Ard flow rates of 140 and 260 cm3 minute'! respectively, fumes appeared from 
the exhaust gas pipe. Consequently, the Arc flow rate was reduced and the AId flow rate 
increased in an attempt to eliminate the fumes. After a 20 minute period of stabilisation with 
AIc and AId flow rates of20 and 380 cm3 minute'! respectively it was decided to increase the 
reactant gas partial pressure once more in order to establish an Arc flow rate at which 
deposition would take place with no gas phase nucleation, however, the fumes appeared 
again. Another period of stabilisation, under similar conditions to those already quoted, 
appeared to stop the by-product fumes but when the Arc flow rate was increased, the fumes 
reappeared. A further period of stabilisation was unable to halt the by-product fumes and 
hence the coating run was terminated. 
Surface tungsten analysis results of the two inserts are presented in Table 3.11. It is clear 
from this table that there was a significant improvement in tungsten content of the surfaces 
of the inserts compared with previous runs but most notably on the rake and back face of the 
insert in position 4, With such promising analyses, it was decided to ball crater the rake and 
back face of each insert. However, given the non-uniformity of the coating observed on the 
ball craters of the previous coating run it was decided to ball crater the top and bottom of 
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each face. These results are presented in Table 3.12. Clearly there was a vast difference in 
coating thickness between the top and bottom of each face and also between the two inserts. 
Direct SEM examination of the rake face of coated insert 1 as illustrated in Figure 3.29 
revealed a regular small grained surface coating structure with no porosity while examination 
of the insert in position 4 revealed a similar structure but more discontinuous and with areas 
of dense featureless coating as shown in Figure 3.30. Direct SEM inspection of a ball crater 
on the rake face of insert 1 as shown in Figure 3.31 revealed what appeared to be a 
predominantly dense coating. 
It was found that the inlet heating gun was not sensitive enough to achieve accurate 
temperature control and therefore it was decided to replace it with a spirally-wound and 
insulated cord. Several coating runs were carried out until a similar deposition rate was 
achieved with the inlet heating cord as it was previously with the inlet heat gun. 
Effect of Increased Reactant Gas Partial Pressure - Run 9 
After receiving a new batch ofBT42 grade HSS inserts it was decided to use them, in future 
coating runs, after austenitising and tempering rather than after annealing as in previous 
coating runs. The inserts were austenitised and single tempered in the M & J Engineering 
Ltd. VF1515 vacuum heat treatment furnace as detailed earlier in section 3.1. Prior to 
coating, the inserts were tempered for a second time in the reactor coating chamber of the 
CVD reactor under a reducing hydrogen atmosphere. The inserts were heated to 550°C over 
100 minutes, held at 550°C for 90 minutes and then allowed to cool overnight to room 
temperature whilst still under hydrogen. It was felt that this method of heat treating the 
inserts would minimise or possibly even reduce some oxidation of the substrates prior to 
coating and therefore aid adhesion of the coating. The average hardness of these heat treated 
inserts was found to be 914 HV30. This was considered satisfactory as the minimum 
recommended hardness of double tempered BT42 grade HSS was 912 HV[1l81. For later 
comparisons with coated inserts, the rake face of the hydrogen tempered inserts was 
examined using a SEM. A typical region of the uncoated inserts is shown in Figure 3.32. 
After clearly increasing the coating thickness over previous coating runs by increasing the 
W(CO)6 reactant gas partial pressure in coating run 8 it was elected to investigate this 
deposition parameter further. It was decided to attempt to deposit a coating under a fixed 
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increased AIc flow rate of 60 cm3 minute-I. This value was arbitrarily chosen but it was 
known that values of 100 cm3 minute-I had caused problems with gas phase nucleation and it 
was therefore elected to stay substantially below this limit. During the first few minutes of 
deposition, it was noticed that grey fumes were venting from the exhaust gas pipe, however, 
these died away. Unfortunately, after 40 minutes it was clear that both the AIc and AId flow 
rates were decreasing. This was thought, as before, to be caused by a blockage in the inlet 
pipe. The run was stopped. Surface tungsten analysis results of the coated inserts are 
presented in Table 3.13. It is clear from this table that there was a significant increase in 
tungsten content but more importantly the surface tungsten content appeared more uniform 
from the rake to the back of each insert and also from the front of the reactor coating 
chamber to the back than in any previous coating runs. Micrographs resulting from the direct 
SEM examination of the rake faces of inse(ts 1 and 4 are presented in Figure 3.33 and Figure 
3.34 respectively. Both micrographs are similar in appearance with extremely small grains. 
Coating thickness measurements for the coated inserts are presented in Table 3.14. It is 
undeniable from the table that the occurrence of a blockage during coating has significantly 
reduced the coating thickness although it was still evident that the coating was non-uniform 
both from rake to back face of each insert and from front to back of the reactor coating 
chamber. A closer inspection of a ball crater on the rake face of insert 1, as illustrated in 
Figure 3.35, showed what were thought to be indications of sooty deposits. These are 
evident as small bright round deposits. 
Temperature Profile Across Insert 
It is well known that the deposition rate of thermally induced CVD reactions is strongly 
influenced by the deposition temperature. Therefore it was considered possible that the 
difference in deposition rate experienced in the latter few coating runs between the top and 
bottom of the inserts could have been induced by a difference in deposition temperature. It 
was thought that this could have arisen because the bottom corner of the inserts was closer to 
the reactor coating chamber wall and therefore closer to the furnace heating elements than 
the top corners. Thus it was decided to experimentally determine any differences in 
temperature that may have arisen. To do this, one thermocouple was butted and silver 
soldered to a corner of a substrate and a second thermocouple likewise joined to the opposite 
corner. The insert was then located in the insert holder as illustrated in Figure 3.36 and then 
placed in the reactor coating chamber. The thermocouple wires were fed out of the reactor 
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coating chamber through the exhaust gas pipe. The furnace was heated according to the 
usual procedure to 350°C under a reducing hydrogen atmosphere and then the hydrogen was 
switched off and a total argon flow rate of 400 cm3 minute'· switched on in order to simulate 
the most recent coating runs. It was found that both the top and bottom thermocouples 
registered 362°C, indicating that the difference in deposition rate was not thermally induced 
and that the insert actually experienced a deposition temperature l2°C hotter than was 
originally thought. 
3.4.5 Effect of Substrate Position - Runs 10 and 11 
After clearly demonstrating that the uniformity of the deposition temperature was not 
responsible for the non-uniformity of the deposition rate it was suggested that perhaps it was 
caused by uneven mixing of the reactant gas due to the flow pattern in the reactor coating 
chamber. To test this proposal the positions of the inserts in the reactor coating chamber was 
varied. 
Raised Inserts - Run 10 
It was thought that a more uniform coating thickness could have been achieved if the inserts 
were raised so that they were supported on the centre line of the reactor coating chamber. In 
order to facilitate this an Inconel platform, as shown schematically in Figure 3.37, was 
constructed to support the insert holder. The platform was designed to cause the least 
amount of reactant gas turbulence. After the problems encountered when attempting to 
increase the W(CO)6 reactant gas partial pressure it was decided to employ the same process 
parameters as coating run 7. Namely a deposition temperature of 350°C and Arc and Ard 
flow rates of 20 and 380 cm3 minute'· respectively. Reassuringly no grey fumes were seen 
venting from the exhaust gas pipe during deposition and more importantly no signs of sooty 
deposits were immediately obvious when the reactor coating chamber was opened after the 
coating run. Average surface tungsten analysis results of the coated inserts are presented in 
Table 3.15. Interestingly, the rake faces of inserts 2, 3 and 4 exhibited a lower tungsten 
content than their corresponding back faces. This could be attributed to a variation in 
coating thickness between the top and bottom of the inserts and consequently the two EDX 
analysis points on the rake faces of inserts 2, 3 and 4 may have been closer to the top of the 
coated inserts while the back EDX analyses may have been closer to the bottom of the coated 
inserts. However, a non-uniformity in tungsten content still existed between the inlet and 
outlet ends of the reactor coating chamber. In an attempt to obtain a clearer picture of the 
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non-unifonnity in coating thickness across the faces of each insert, the coated inserts were 
ball cratered as shown in Figure 3.38. The coating thicknesses resulting from these ball 
craters are presented in Table 3.16 and Table 3.17. Clearly there was only a truly measurable 
coating present on the bottom corner of each of the inserts. Micrographs resulting from the 
direct SEM examination of the rake face of coated inserts 1 and 4 are shown in Figure 3.39 
and Figure 3.40 respectively. 
Inserts Lay Flat - Run 11 
It became clear from coating run 10 that raising the inserts had done nothing to improve the 
coating uniformity on each face. It was also thought that the effect of coating non-unifonnity 
may have been less horizontally (Le. from the front of the reactor coating chamber to the 
outlet end) than it was vertically (Le. across the diameter of the reactor coating chamber). 
Therefore it was decided to lay the inserts flat on their back faces on a support plate so that 
any effect of coating thickness variation across the rake face of each insert would arise 
mainly from the depletion of reactant gases through the reactor coating chamber rather than 
from any undesirable vertical variation in reactant gas. Due to the physical constraints 
imposed by the reactor configuration, only three inserts could be coated at one time. The 
arrangement of the inserts in the reactor coating chamber, and their identification, is 
indicated in Figure 3.41. The height of the rake faces of the inserts was arranged so that they 
were at the same height as the bottom corner of the inserts which were previously mounted 
vertically. In order to increase reactant gas flow to the back faces of the inserts, the 
underside of the Inconel support plate was centre-punched so that the inserts rested on the 
resulting "dimples". This created an approximately 1 mm gap beneath the inserts. In 
addition, several 4 mm holes were drilled in the plate below each insert, again to improve 
reactant gas flow to the back of the inserts. The deposition conditions were kept identical to 
run 10 so that a more ready comparison could be made between the two runs. 
Micrographs resulting from the direct SEM examination of the rake faces of coated inserts 1 
and 3 are presented in Figure 3.42 and Figure 3.43 respectively. Clearly both micrographs 
reveal an extremely fine grained coating appearance with larger grains occasionally 
interspersed within the coating. To detennine the variation in coating thickness the front 
(FRT), left-hand side (LHS), right-hand side (RHS) and the back (BCK) corners of each of 
the inserts on the rake and back faces was ball cratered. The resulting coating thicknesses 
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are presented in Table 3.18. No coating was detected on any back face, however, it is 
evident from Table 3.18 that this experimental arrangement had resulted in the most 
uniformly thick coating so far but most importantly had resulted in the deposition of a 
coating that could be characterised more fully. X-ray diffraction, using a diffractometer, was 
employed to determine coating crystal structure, preferred orientation and lattice parameter. 
A copper target was used together with a crystal monochromator to ensure that only 
a-radiation from the target was present. X-ray spectra for each of the coated HSS inserts and 
for an uncoated insert were obtained between 29 values of 20 and 1500 • Using the latter, it 
was then possible to identify and eliminate reflections originating from the HSS substrate 
from the X-ray spectra for the three coated inserts. The resulting XRD spectra for inserts 1, 
2 and 3 are shown in Figure 3.44, Figure 3.45 and Figure 3.46 respectively. Comparison of 
these patterns with those for the different carbides existing in the tungsten-carbon system and 
those for tungsten, tungsten oxides and tungsten oxycarbides revealed the best correlation 
with the XRD pattern for f3-WC (WCo6d1231 which is shown in Figure 3.47. This match 
facilitated indexing of the reflections from the coating on each of the HSS inserts and hence 
determination of the coating lattice parameters, from a plot of ahkl versus the Nelson and 
Riley function of Bragg angle[I241 to correct for possible errors due to absorption. The values 
thus obtained are shown in Table 3.19. Coating preferred orientation was identified by 
comparison of the relative intensities of the reflections from the coating to those for 
13-WC[1231. 
AES was next used to obtain a composition-depth profile through the surface of insert 1, in 
order to determine coating composition and its variation with coating thickness, and to 
investigate compositional variations across the coatinglsubstrate interface and in the HSS 
substrate adjacent to this interface. In order to eliminate the problems associated with the 
determination of AES composition-depth profiles by the normal sequential ion bombardment 
method, the ball cratering technique was employed, the compositional-profile being obtained 
by full spectrum point-to-point analysis down the sloping face of the resulting crater wall. 
Simultaneous argon ion bombardment at a low rate was used to prevent the absorption of 
water vapour from the residual gases in the vacuum system. Typical spectrometer operating 
conditions were as follows: background vacuum < 10,8 torr; electron beam parameters: beam 
energy 3 keY, beam current 0.6 IlA, energy range 20 - 1020 eV; ion beam parameters: ion 
species Ar+, ion energy 3 keY, gas pressure 9 x 10,5 torr, ion current density 50 IlA cm'2. 
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Compositions were determined using experimentally derived relative sensitivity factors. 
Depth-scale calibration of the ball crater was achieved using the equation shown below: 
y = d-R+[R2-025(D2-2X)2r 
where y is the depth of the crater at a lateral distance x from its edge, d is the total crater 
depth and the other symbols are as defined earlier in Figure 3.27. The results thus obtained 
are shown in Figure 3.48. 
Optical examination of metallographic sections through coated inserts 1 and 3 were 
employed to check for coating defects, to investigate the coatinglsubstrate interface and to 
check coating thickness uniformity. The metallographic sections were prepared by first 
metallurgically sectioning coated inserts 1 and 3 using a low speed diamond slitting saw. 
One of the resulting halves of each coated insert was then mounted in Buehler Epomet and 
successively polished on four cast iron lapping plates impregnated with 15, 9, 6 and 3 ~m 
diamond compound respectively, using paraffm as a lubricant. This was followed by 
vibratory polishing on a napless nylon cloth impregnated with 1 ~m diamond compound, and 
a fmal polish using a 0.05 ~m y-a1umina slurry. The optical examination of the resulting as-
polished sections was carried out using Nomarski differential interference contrast. A 
resulting micrograph through the rake surface of insert 1, relatively close to its cutting edge, 
is presented in Figure 3.49 while a section through the rake surface of insert 3 is presented in 
Figure 3.50. The peripheral variation in coating thickness on insert 1 was then measured 
optically, utilising an X-Y micrometer stage for positioning and monocular microhardness 
eyepiece attachment for accurately measuring coating hardness. Figure 3.51 shows the 
peripheral variation in coating thickness thus determined for insert 1. It is important to note 
that in this figure coating thickness has been magnified by a factor of 100 times relative to 
the dimensions of the HSS substrate. It is also pertinent to note that, with reference to Figure 
3.51, the right hand edge of the insert was facing the reactant gas inlet pipe. 
Profilometry was next used to quantitatively assess the surface roughness of the rake and 
flank faces of an uncoated HSS insert and coated insert 2. Using a Talysurf 10 profilometer, 
two Ra readings were taken on each of five evenly divided sampling lengths parallel (0°) to 
one of the cutting edges and on five similar lengths at 90° on the rake face. Two Ra readings 
were taken on each of three evenly divided sampling lengths parallel to the rake face (0°) and 
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one Ra reading on five evenly divided sampling lengths perpendicular to the rake face (90°) 
on a flank face. The results thus obtained are summarised in Table 3.20 to Table 3.23. 
Fractography was then employed to determine bulk coating grain structure. To facilitate this, 
insert 2 was first sectioned using the aforementioned low speed diamond slitting saw, and a 
very deep central slit then cut into the bottom of one of the resulting two pieces. The lower 
half of this piece was then clamped in a purpose-built fixture and a uniformly distributed 
load applied to its upper half, causing fracture to occur evenly along the length of the slit. A 
gold coating was then evaporated on to the two fracture surfaces and the bulk coating grain 
structure determined by their examination in a SEM. Figure 3.52a and b are representative 
of the bulk grain structure thus observed. 
Microhardness tests were next applied to measure the coating hardness, using the low-angle 
taper-sectioning technique to "mechanically magnify" coating thickness. To facilitate the 
latter, the half of sectioned insert I remaining from the optical microscopy preparation, was 
first mounted in Buehler Epomet with its rake face at an angle of 5.6° to the mount base as 
illustrated in Figure 3.53a, b and c. A specially designed plug was employed for this 
purpose. The resulting mount was then ground parallel to its base, as shown in Figure 3.53d, 
producing a low-angle taper-section through the coating and thus "mechanically magnifying" 
its thickness by a factor of approximately ten times as shown in Figure 3.53e. This taper-
section was then lapped and polished using the same procedure as employed for the optical 
section. In order to locate the region of the taper-sectioned coating on which valid 
microhardness determinations could be made (i.e. the region where the strain field under the 
indentor does not extend into the HSS substrate and hence where the microhardness value 
obtained would be specific only to the coating and not to the coating plus the HSS substrate), 
microhardness tests were performed to measure the variation in microhardness with 
increasing distance from the coating/substrate interface. These tests were carried out with a 
Vickers indentor, under a load of 25 g for a time of 5 s, at three different locations on the 
taper-sectioned coating. The variation in microhardness thus determined is shown in Figure 
3.54. An initial increase in microhardness with increasing distance from the 
coating/substrate interface is evident in Figure 3.54, but at approximately 63 !lm from this 
interface a microhardness plateau exists extending to the coating surface. This plateau 
100 
The Low Temperature CVD of Tungsten Carbide Experimental Work and Results 
indicates the region of valid microhardness determination. The average microhardness value 
thus determined for the coating was 2114 HV002S. 
Scratch testing was finally used to assess the adhesion of the coating to the HSS substrate, 
employing the piece of sectioned insert 2 remaining from the fractography preparation. 
Scratches were produced on the rake surface of this piece of coated insert with a diamond 
stylus of 0.2 mm tip radius, at a speed of 10 mm minute-I, beginning at a stylus load of 1 kg 
and increasing in 1 kg increments up to a maximum stylus load of 10 kg as shown 
schematically in Figure 3.55. Optical examination of the scratch channels thus produced was 
inconclusive with regard to determination of the critical stylus load corresponding to 
extensive coating removal from the scratch channel. It did, however, reveal the occurrence 
of coating flaking at the edges of the scratch channels, starting at a stylus load of 2 kg. The 
scratch tested sample was therefore given an evaporated carbon coating and the scratch 
channels on it examined in a SEM. All ten scratch channels were simultaneously examined 
at low magnification using the back-scattered detector to give atomic number contrast. 
Figure 3.56 shows the image observed. It is evident that this technique did permit the 
identification of coating removal, both from within the scratch channels and as flaking at the 
sides of the scratch channels. As can be seen from Figure 3.56, the optical observation of the 
start of coating flaking at the edge of the scratch channels at a stylus load of 2 kg was 
corroborated. More detailed examination of this flaking in the case of the 2 kg scratch 
channel, using normal secondary electron mode, suggested it to be adhesive in nature. Figure 
3.56 also shows that the coating removal from the scratch channel can be seen to have been 
initiated at a stylus load of 5 kg and then to have gradually increased in extent with 
increasing load although there is sporadic evidence of coating removal from the scratch 
channel at 3 kg. 
3.5 Improvement of Coating Characteristics 
Having established conditions that would yield a coating that could be more fully 
characterised, the next logical step was to attempt to improve the coating characteristics. 
Given the time constraints imposed by the project it was decided to investigate the two 
coating characteristics considered most in need of attention: bulk coating oxygen content and 
peripheral coating thickness variation. 
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3.5.1 Reduction of Coating Oxygen ContentJImprovement of Adhesion - Run 12 
It was thought possible that an improvement of coating adhesion could be achieved if the 
oxygen content near the coatinglsubstrate interface (and also in the bulk coating) was 
reduced. This was reasoned because it was thought feasible that oxygen may have led to 
oxidation of the substrate prior to coating and hence resulted in bad adhesion. It was also 
speculated that the reduction of oxygen in the bulk coating may have led to improved coating 
hardness. The presence of oxygen during deposition indisputably arises from the oxygen-
containing gaseous by-product gas. Therefore, in order to reduce the oxygen content it was 
decided to add hydrogen to the reactor coating chamber during deposition in an attempt to 
preferentially react oxygen with hydrogen to form H20. An arbitrary decision was made 
regarding the amount of added hydrogen gas. It was decided to simply replace the Ard gas 
with hydrogen (Le. hydrogen = 200 cm3 minute-I). All other deposition parameters remained 
the same as run 11. 
To determine if the addition of hydrogen had resulted in a reduction of oxygen content, AES 
analysis was carried out. The composition-depth profile obtained for coated insert 1 is 
shown in Figure 3.57. To check the added hydrogen had not had a detrimental effect on 
other coating properties, a full coating characterisation procedure was employed on coating 
run 12 as previously used on coating run 11. Scratch adhesion testing was used to assess the 
adhesion of the coating to the substrate. A micrograph arising from the SEM examination of 
the scratch channels employing a back scattered detector is presented in Figure 3.58. 
Micrographs resulting from the direct SEM examination of the rake faces of inserts 1 and 3 
for coating run 12 are presented in Figure 3.59 and Figure 3.60_ To establish any variation of 
coating thickness and enable a comparison between coating runs, the inserts were ball 
cratered in a similar fashion to run 1 L The resulting coating thicknesses are presented in 
Table 3.24. Again no coating was detected on any back face. XRD, also conducted in a 
similar fashion to run 11, resulted in X-ray spectra for inserts I and 2 as shown in Figure 
3.61 and Figure 3.62 respectively. Insert 3 was not analysed using XRD because the coating 
was too thin. Comparison of the X-ray spectra from this coating run with those for the 
different carbides existing in the tungsten-carbon system and those for tungsten oxides, 
tungsten oxycarbides and tungsten revealed a close correlation with ~-WC (WCo 61)(123). The 
subsequently calculated values of coating lattice parameter are shown in Table 3.25. Optical 
examination of a metallographically prepared cross-section through the rake face of insert 1 
102 
The Low Temperature CVD of Tungsten Carbide Experimental Work and Results 
using Nomarski differential interference contrast resulted in the micrograph presented in 
Figure 3.63. Surface profilometry, using a Talysurf 10, was used to assess the surface 
roughness of the rake and flank faces of coated insert 2. The measurements made are 
presented in Table 3.26 and Table 3.27. Bulk coating grain structure was determined by 
fractography and direct SEM examination of the fracture face. A typical region of the grain 
structure of the coating observed on the rake face of insert 2 from coating run 12 is shown in 
Figure 3.64. Unfortunately, it was not possible to measure coating microhardness since the 
coating was far too thin to attempt to establish a microhardness plateau and therefore no 
measurements were made. 
3.5.2 Improvement of Peripheral Coating Thickness Variation - Run 13 
It was thought that in the previous coating runs the flat plate arrangement used to support the 
substrates during deposition did not allow sufficient gas flow beneath the inserts and 
therefore a build up of excess by-product gases beneath the inserts led to a severely 
decreased or inhibited deposition rate. Consequently, in order to achieve a more uniform 
peripheral coating thickness it was decided to attempt to increase the amount of reactant gas 
flow around each of the substrates during coating. As each insert had to be physically 
supported during deposition it was not possible to coat the entire insert. Therefore it was 
decided that it was more important to increase the coating thickness uniformity around the 
four cutting nose radii of each insert rather than the back face of each insert. Hence a star-
shaped insert holder, as illustrated in Figure 3.65, was devised. Again only three inserts 
could be coated at anyone time using this holder since each star-shaped support simply 
cradled one insert in a rake face up orientation allowing the reactant gas easier access to each 
cutting edge. The star-shaped insert holder was designed in order to support each insert in 
the same relative position within the reactor coating chamber as the inserts which were 
previously supported by the flat-plate insert holder. All other deposition parameters for 
coating run 13 were kept the same as coating run 11 in order to allow a direct comparison 
between these two coating runs and therefore establish if the use of a star-shaped insert 
holder was beneficial. 
Visual examination of the back faces of the inserts after the coating run revealed that each 
insert was uniformly coloured on each rake face, cutting tip, flank face and corner quadrants 
of each back face. However, a darker cross-shape was clearly identifiable on each back face. 
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This region coincided with the position of the star-shaped insert holder and clearly divided 
the back face of each insert into four quadrants. To ascertain if the use of a star-shaped insert 
holder had resulted in the deposition of a coating on the back face of each insert, the inserts 
were ball cratered in the four corners of each back face. The coating thickness measurements 
resulting from these ball craters are presented in Table 3.28 while the corresponding coating 
thickness measurements for each rake face are presented in Table 3.29. In addition to these 
measurements, the peripheral coating thickness was measured on a metallographically 
prepared cross-section through insert 1 using an optical microscope. These thickness 
measurements were plotted graphically as shown in Figure 3.66. 
In order to establish that no other coating characteristics were detrimentally effected by 
utilising the star-shaped insert holder, a full coating characterisation procedure was applied 
to the coated inserts. The results of this procedure are now presented. XRD analysis of 
coated inserts 1 to 3 from coating run 13 yielded X-ray spectra as presented in Figure 3.67, 
Figure 3.68 and Figure 3.69 respectively after the subtraction of substrate peaks. 
Comparison of the resulting XRD patterns with those for the different carbides existing in 
the tungsten-carbon system and those for tungsten oxides, tungsten oxycarbides and tungsten 
revealed a close correlation with p-WC (WCo 61)[123] which enabled indexing of the 
diffraction peaks and therefore calculation of the coating lattice parameters. The results of 
these calculations are presented in Table 3.30. A composition-depth profile, determined by 
AES analysis, was obtained through the coating deposited on the rake face of insert 1 and is 
presented in Figure 3.70. Optical examination ofmetallographically prepared cross-sections 
utilising Nomarski differential interference contrast was next employed. Micrographs of 
typical regions through inserts 1 and 3 observed with this technique are shown in Figure 3.71 
and Figure 3.72 respectively. A quantitative assessment of the surface roughness of the rake 
and flank faces of insert 2 was undertaken. The readings taken are summarised in Table 3.31 
and Table 3.32 respectively. Fractography was next employed to determine bulk coating 
grain structure on the rake face of insert 2. Figure 3.73 shows a representative area of the 
bulk coating grain structure observed. The coating surface grain structure was determined by 
direct SEM examination, Figure 3.74 and Figure 3.75 being typical of the structures observed 
on the rake faces of inserts 1 and 3 respectively. Microhardness tests were next applied to 
measure the coating hardness, using the Iow-angle taper-sectioning technique mentioned 
previously. The variation in microhardness thus determined for the coating deposited on the 
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rake face of insert 1 is presented in Figure 3.76. It is evident from this figure that a 
microhardness plateau was not reached during testing, however, it does indicate that the 
coating does have a microhardness at least of the order of 2000 HV 0025. Scratch testing was 
fmally used to evaluate the adhesion of the coating to the HSS substrates. A SEM back-
scattered image of the scratches on the rake face on insert 2 is shown in Figure 3.77. 
3.6 Understanding of Deposition Process and Fundamentals 
In an attempt to gain a greater understanding of the deposition process it was decided to 
detennine the activation energy of the deposition of tungsten carbide from W(CO)6, therefore 
establishing which particular deposition regime the CVD reaction employed in the present 
work was operating in. In addition, it was known that the substrate material can have a 
marked effect on coating characteristics because the CVD process is a nucleation and growth 
process. Therefore it was decided to also investigate the effect of another cutting tool 
substrate material on the coating characteristics. 
3.6.1 Determination of Activation Energy - Runs 14 to 17 
The activation energy is a useful parameter in determining which deposition regime a CVD 
reaction is operating in and also to predict deposition rates at given deposition temperatures. 
Many chemical reactions have (deposition) rate constants that follow the Arrhenius 
equation[44] shown below. 
where k = (deposition) rate (m S·I) 
A = pre-exponential constant 
Ea = activation energy (kJ morl ) 
R = universal gas constant (8.314 J KI morl ) 
T = reaction (deposition) temperature (K) 
Arrhenius type relationships are often found for thennally activated chemical reactions, 
typically those which are kinetically or diffusion controlled, i.e. where increasing the reaction 
temperature increases the reaction rate. However, during nucleation processes, other energy 
considerations apply. Consequently, for many thennally activated chemical reactions it is 
found that a plot of In k versus Iff often gives a straight line where the gradient of the 
straight line is -(EafR) and at Iff = 0 is In A. Therefore, to obtain the activation energy 
graphically for the CVD reaction used in the present investigation it was necessary to 
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establish the deposition rate at several deposition temperatures. Consequently, coating runs 
14 to 17 were conducted at 300, 325, 375 and 450°C respectively under otherwise identical 
deposition parameters to the improved peripheral coating thickness variation coating run (run 
13) using the star-shaped insert holder. The resulting coating thickness measurements from 
the rake face of each insert are presented in Table 3.33, Table 3.34, Table 3.35 and Table 
3.36. From these tables, the average coating thickness at deposition temperatures of 300, 
325, 375 and 450°C was calculated to be 2.78, 2.88, 1.93 and 0.791lm respectively. The 
average coating thickness at 350°C was also calculated to be 4.35 I1m from Table 3.29. This 
information was subsequently used to draw a graph of In k versus lrr as shown in Figure 
3.78. 
It was noted that the general shape of the In K versus lrr plot derived in the present work 
(Figure 3.78) had the same general form as that of the characteristic variation of deposition 
rate with deposition temperature for a typical CVD reaction presented in Figure 2.4. No 
typical values of activation energy were known for the gas phase nucleation controlled 
regime although typical values of"" 20 and 100 to 300 kJ mOrl were known for mass 
transport and surface reaction controlled deposition regimes respective1y[471• Therefore it 
was decided to establish the activation energy for the region in Figure 3.78 which appeared 
to correspond to a mass transport controlled regime (Le. above lrr "" 0.00161 or below 
deposition temperatures of350°C). 
A linear least squares trendline was drawn on Figure 3.78 at deposition temperatures below 
350°C and the equation of the line calculated (y = -3158.9x - 15.533). Therefore, 
Orad. E. lent = --
R 
-31589 E. = ---
8314 
E = 26 kJ mor l 
• 
Clearly such a low value of activation energy, 26 kJ mOri, suggests that at deposition 
temperatures below 350°C the CVD reaction used in the present study is operating in the 
mass transport controlled deposition regime. It is therefore assumed that the general form of 
the graph presented in Figure 3.78 is indeed analogous to that presented in Figure 2.4. 
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Consequently, it is also assumed that at deposition temperatures above 350°C the CVD 
reaction used in the present investigation is operating in a predominantly gas phase 
nucleation controlled deposition regime. 
3.6.2 Effect of Substrate - Run 18 
In addition to HSS, cemented carbide is also commonly used for cutting tool inserts. It was 
therefore thought that it may also be beneficial to be able to deposit the tungsten carbide 
coating developed in the present work onto such substrates. However, CVD, by nature, is a 
nucleation and growth process and therefore the substrate material can have a marked effect 
on this process and consequently the coating characteristics. Therefore it was decided to 
carry out a preliminary investigation to establish if similar coating characteristics were 
exhibited by a coating deposited onto U30 grade cemented carbide milling inserts (supplied 
by Pramet, Czech Republic) to those exhibited by a coating deposited onto HSS by using 
identical deposition parameters to those used in coating run 13 on' HSS substrates. It was 
found that by employing identical coating deposition parameters that the coating thickness on 
the cemented carbide inserts was less. Consequently, the deposition time was increased to 
two hours to yield a coating that was more conducive to characterisation. 
The rake face coating thickness measurements resulting from the increased deposition time 
coating run are presented in Table 3.37. XRD was used to determine coating preferred 
orientation and coating lattice parameters. Comparison of the XRD patterns for the coated 
inserts again revealed the best correlation with ~-WC (WCo 6d1231• Indexing of the XRD 
spectra, carried out in a similar manner to that described previously, showed that the coatings 
on the three cemented carbide substrates had lattice parameters as shown in Table 3.38. 
Coating preferred orientation was determined by a direct comparison of the relative 
intensities of the XRD spectra from the deposited coatings with those for ~-WC 
(WCo 6d1231• Figure 3.79 shows the XRD spectra for the coating on cemented carbide insert 
3. A composition-depth profile through the rake face coated cemented carbide insert 1 
determined by AES is shown in Figure 3.80. Optical examination of metallographically 
prepared cross-sections through inserts 1 and 3 was carried out using Nomarski differential 
interference contrast. A typical region near the cutting edge of insert 1, as observed using 
this technique, is shown in Figure 3.81. Next the peripheral variation in coating thickness on 
insert 1 was determined as described earlier. This variation is illustrated schematically in 
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Figure 3.82. In this diagram, the right hand edge of the insert was facing the reactant gas 
flow. ProfiIometry was used to quantitatively assess the surface roughness of the rake face 
of coated insert 2. The results thus obtained are summarised in Table 3.39 while Table 3.40 
provides comparative profilometry measurements taken on an uncoated U30 grade cemented 
carbide insert. Fractography was then employed to determine the bulk coating grain 
structure. Figure 3.83 is representative of the bulk coating grain structure observed using 
this technique. The nature of the corresponding surface grain structure was simply 
determined by direct SEM examination of the surface, Figure 3.84 being typical of the 
structure seen. The microhardness of the deposited coatings was measured using the low-
angle taper-sectioning technique mentioned previously. The variation in rnicrohardness 
established using this technique is shown in Figure 3.85. It is clear from this graph that, at 
approximately 11 I'm from the coatinglsubstrate interface, a microhardness plateau exists 
which extends to the coating surface. The average microhardness thus determined for the 
coating was 2230 HV002S. Scratch testing was finally used to assess the coating adhesion to 
the cemented carbide substrate. Optical examination of the scratch charmels revealed the 
occurrence of coating flaking at the edges of the scratch charmel starting at a stylus load of 
3 kg. Further examination of the scratch channels using a SEM in back-scattered mode 
corroborated these findings as illustrated in Figure 3.86. More detailed examination of this 
flaking using normal secondary electron mode suggested it to be mixed adhesive/cohesive in 
nature, with the former predominating, as shown in Figure 3.87. Figure 3.86 also clearly 
shows that coating removal from the scratch channel did not occur abruptly with increasing 
stylUS load and therefore meaningful determination of a critical stylus load to quantitatively 
assess coating adhesion was not possible. However, partial coating removal appears to have 
been initiated at 6 kg and then gradually increased with increasing stylus load. 
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Figl/re 3.3 : View o/Complete Laboratory-Scale CVD Reactor 
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Figl/re 3.4 : Schematic Diagram o/Complete CVD Reactor 
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Figure 3.5: Spectl'ol Flow Meters 
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Figure 3.6: Overall View o/tll e W(CO)6 Evaporatioll Ullit 
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Figure 3. 7 : Schematic Diagram of W(CO)6 Evaporatioll Ullit 
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Figure 3.B : Detailed Top View of W(COY6 Evaporatioll Ullit (Lid Removed) 
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Figure 3.9: View Inside W(COh Evaporation Ullit 
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Figure 3.10: CVD Reactor Furnace and Associated COlltrol Equipmellt 
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Figllre 3.11 : Detailed View of iulet Eud of Reactor Coatiug Chamber 
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Figure 3.14 : Reactor Coatillg Chamber alld Associated Ports 
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Figure 3.15: Oul/et EI/t! of Reactor Coatillg Chamber 
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Figure 3.19: Furnace Hot Zone Plot at 550°C 
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Figure 3.21 : Typical Regioll of Surface of 111sert 1 from [lIitial Coatillg RUII - RIIII 1 
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Figure 3.22: Typical Regioll of Surface of IlIsert l/rom COd Gas Coalillg RUII - RUII 2 
Figure 3.23 : Typical Regioll of Surface of IlIsert 1 from Increased Ar,/ F10lV Rate Coatillg 
RIm - RUII 3 
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Figllre 3.24 : Typical Region of SlIrface of IlIsert 1 frol1l Redllced Depositi01l 
Temperature (450°C) Coatillg RIIII - Rlln 4 
Figllre 3.25 : Typical Regioll of Sill/ace of I1Isert 1 from Redllced Deposition 
Temperatllre (400°C) Coatin.g RIIII - Rlln 5 
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Figure 3.26 : Typical Region of Surface of Insert i from Reduced Deposition 
Temperature (350°C) and Increased Inlet Temperature Coating Run -
Run 7 
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Figure 3.27: Schematic Diagram of Ball Crater in Surface of Coated insert 
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Figure 3.30 : Typical Regioll of Surface of IlIsert 4 frolll Gradually IlIcreased Reactallt 
Gas Partial Pressure Coatillg RUII - RUII 8 
Figure 3.31 : Typical R egioll of Ball Crater ill IlIsert I from Gradually IlIcreased 
Reactallt Gas Partial Pressure Coatillg RUIl - RUII 8 
129 
The Low Temperature CVD of Tungsten Carbide Experimental Work and Results 
Figure 3.32 : Typical Regioll of SlIIface of Hydrogell Tempered Ullcoated IlIsert 
Figure 3.33 : Typical Region of Surface of IlIsert] from IlIcreased Reactallt Gas Partial 
Pressure Coatillg RUII - RUII 9 
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Figure 3.34 : Typical Region of Surface of IIlserl4 frol/l Illcreased Reactallt Gas Partial 
Pressure Coatillg RUIl - RUIl 9 
Figure 3.35 : Typical Regioll of Ball Crater ill IlIsert! frol1l III creased R eactallt Gas 
Partial Pressure Coatillg RUIl - RUII 9 
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Figure 3.36 : Schematic Diagram Illustrating Thermocouple Positions Used to Monitor 
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Figure 3.37 : Schematic Diagram of Jig Used to Support Insert Holder 
Figure 3.38: Location of Ball Craters on Rake Face of Inserts 
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Figure 3.39 : Typical Regioll of S lIrface of Illsert I from Raised Illserts Coatillg RUI/ -
RUII 10 
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Figure 3.41 : A rrallgemellt of IlIserts ill Reactor Coatillg Chamber (top view) 
Figure 3.42 : Typical Regioll of SllIface of IlIsert 1 from Inserts Lay Flat Coatillg RUII -
RUlIll 
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Figure 3.43: Typical Regioll of Surface of IlIsert 3 frolll IlIserts Lay Flat Coatillg RUII -
RUII 11 
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Figure 3.44 : Coatillg X-ray Diffractioll Patterl/for Il1serts Lay Flat Coatillg RUII-
R /111 11, IlIsert J 
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Figure 3.45 : Coating X-ray Diffraction Pattern for Inserts Lay Flat Coating Run-
Run 11, Insert 2 
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Figure 3.46 : Coating X-ray Diffraction Pattern for Inserts Lay Flat Coating Run -
Run 11, Insert 3 
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Figure 3.48 : AES Composition-Depth Profile Through Surface of Insert I from Inserts 
Lay Flat Coating Run - Run II 
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Figure 3.49 : Optical Section Th rough Rake Face of IlISert I froll/ Inserts Lay Flat 
Coatillg RUII - RUII11 
As polished, Nomarski differential infeljerence contrast. 
Figure 3.50 : Optical Sectioll Through Rake Face of IlIsert 3 f roll/ b,serts Lay Flat 
Coatillg RIIII - RUII 11 
As polished, Nomarski differential interference conrrast. 
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Figure 3.51: Peripheral Variation in Coating Thickness on Insert 1 from Inserts Lay Flat 
Coating Run - Run 11 
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Figure 3.53: Schematic lllllstratioll of Preparatioll of Low-AlIgle Taper S ectioll 
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Figure 3.55: Schematic Diagram J/lustrating Scratch Adhesion Testing 
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(b) Detailed view 0/ diamond indenlor 
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Figure 3.57 : AES Compositioll-Depth Profile Through Surface 0/ illsert 1/rolll 
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Figure 3.58: Scratcll Chatlllels 011 Coated 111sert 2frolll Reductioll of Coating Oxygell 
COlltellt Coatillg RIIII - RIIII 12 
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Figure 3.59 : Typical Regioll of Surface of 111sert J frolll Reductioll ofCoatillg Oxygell 
COlltellt Coatillg RUII - RUII 12 
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Figure 3,60 : Typical Regioll of Surface of IlIsert 3 from Reductioll ofCoatillg Oxygell 
COlltellt Coatillg RUII - RUII 12 
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F igure 3,61 : Coatillg X-ray Dif ractioll Pattem f or R eductioll of Coating Oxygell COlltellf 
Coatillg RUII - RUII 12, IlIsert 1 
145 
The Low Temperature CVO of Tungsten Carbide Experimental Work and Results 
100 
90 
80 
C 70 .;;; 
c 
" 60 ... c 
.... 
" 
50 
> cc 40 
'" -.; 
~ 30 
20 
10 I 0 I I 
30 40 50 60 70 80 90 100 110 120 130 140 150 
Two Theta (0) 
Figure 3.62: Coatillg X-ray Diffractioll Pattemfor Reductioll of Coatillg Oxygell COlltellt 
Coatillg RUII - RUII 12, IlIsert 2 
Figure 3.63 : Optical Sectioll Through Rake Face of IlIsert I frolll Reductioll of Coatillg 
Oxygell COll tell t Coatillg RUII - RUII 12 
As polished, Nomarski differential il7leljerence contrast. 
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Figure 3.64 : Bulk Graill Structure o/Coatillg ollIllsert 2/rolll Reductioll o/ Coatillg 
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Figure 3.65 : Star-Shaped Insert Holder 
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Figure 3.66 : Peripheral Variation in Coating Thickness on Insert Ifrom Increased 
Peripheral Coating Thickness Uniformity Coating Run - Run 13 
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Figure 3.67 : Coating X-ray Diffraction Pattern for Increased Peripheral Coating 
Thickness Uniformity Coating Run - Run 13, Insert 1 
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Figure 3.68 : Coating X-ray Diffraction Pattern for Increased Peripheral Coating 
Thickness Uniformity Coating Run - Run 13, Insert 2 
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Figure 3.69: Coating X-ray Diffraction Pattern for Increased Peripheral Coating 
Thickness Uniformity Coating Run - Run 13, Insert 3 
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Figure 3.70 : AES Compositioll-Depth Profile Through Rake Face of IlIsert I frolll 
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Figure 3. 71 : Optical Sectioll Through Rake Face of IlIsert I from IlIcreased Peripheral 
Coatillg T/lickll ess Ulliformity Coatillg Run - RUII 13 
As polished, Nomarski differential interference contrast. 
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Fig ure 3.72: Optical Sectioll Through Rake Face of IlIsert 3 from IlIcreased Peripheral 
Coatillg Thickness Uniformity Coating RUII - Run 13 
As polished, Nomarski differential il1leljerence contrast. 
Figure 3. 73 : Bulk Grain Structure of Coating on Insert 2 from Increased Peripheral 
Coatillg Thickness Uniformity Coating Run - RU1/ 13 
151 
The Low Temperature CVD of Tungsten Carbide Experimenta l Work and Resul ts 
Figure 3.74 : Typical Region of Surface of IlIsert J from IlIcreased Peripheral Coatillg 
Thicklless Ulliformity Coatillg RUII - Rut/ 13 
2 fll1l 
Figure 3. 75: Typical Regioll of SlIIf ace of IlIsert 3 from IlIcreased Peripheral Coatillg 
Thicklless Ulliformity Coatillg RUII - R UII 13 
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Figure 3. 76 : Measured Variatioll ill Microltardlless of Coatillg with Distallce from 
IlIterface with HSS Substrate 011 Low-Allgle Taper Sectioll Through Rake 
Face of IlIsert i from illcreased Peripheral Coatillg Thicklless Ulliformity 
Coatillg RUII - RUII 13 
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Figure 3. 77 : Scratch Challllels 0 11 Coated insert 2 fromIll creased Peripheral Coatillg 
Thicklless Ulliformity Coatillg RUII - RUII 13 
Mag. x34; Back-Scallered Detector 
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Figure 3_78 : Variatioll of Depositioll Rate of W(CO)6 CVD Reactioll witll Depositioll 
Temperature 
100 
90 -
80 --
C 70 -. . ;; 
= 
" 60 
-= 
.... 
.. 50 ~ 40 
" <i
IX 30 
20 
? ? 10 -
0 - I I 
30 40 50 60 70 80 90 100 110 120 130 140 150 
Two Theta (0) 
Figure 3_ 79 : Coating X-ray Diffraction Pattern for Effect of SlIbstrate Coating RIIII -
RIIII 18, Insert 3 
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Figure 3.80: AES Compositioll-Depth Profile Through Rake Face of IlIsert 1 frolll Effect 
of Substrate Coatillg RIm - RIm 18 
Figure 3.81 : Optical Sectioll Through Rake Face of illsert 1 frolll Effect of Substrate 
Coating RIm - RIm 18 
As polished, Nomarski differential inteljerence contrast. 
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Figure 3.82: Peripheral Variation in Coalillg Thickness 011 Insert J from Inserts Lay Flat 
Coating RUI/ - RUII 18 
F igure 3.83 : Bulk Grain Stmcture of Coating 011 IlIsert 2 from Effect of Substrate 
Coatillg RUII - RUII18 
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Figure 3.84 : Typical Regioll of Sill/ace of IlIsert 2 from Effect of Substrafe Coafillg RUII 
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Figure 3.85 : Measured Variafioll ill Microhardlless ofCoatillg wifh Disfallcefrol1l 
IlIterface lVifh Cell/ell fed Carbide Subsfrafe 011 Low-Allgle Taper Secfioll 
Through Rake Face of IlIsert I frol1l Effecf of Subsfrafe Coafillg RUII -
RUII I8 
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Figure 3.86: S cratch Challllels 011 Coated IlIsert 2frolll Effect ofSubstrate Coatillg RUII 
- RUII 18 
Mag. x16. 5; Back-Scal/ered Detector 
Figure 3.87 : Scratch Challllel (3 kg stylus load) 011 Coated IlIsert 2frolll Effect of 
Substrate Coatillg RUII - RUII 18 
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Table 3.1 : Chemical Composition of BT42 Grade HSS and Chemical Analysis of a PM 
HSSlnsert 
Chemical Composition (wt. %) 
Element B.S. 465~1J81 Insert EDXAnalysis 
C 1.25 - 1.40 Not Analysed 
Si max.0.40 Not Analysed 
Mn max.0.40 Not Analysed 
Cr 3.75 - 4.50 4 
Mo 2.75 - 3.50 4 
Ni max.0.40 Not Analysed 
Co 9.0 -10.0 9 
V 2.75 - 3.25 4 
W 8.5 - 9.5 14 
Fe Balance 64 
Table 3.2 : Values of Gibbs Energy of Formation at Various Temperatures 
Temperature GW(eO)6 Gwe Geo Ge02 
(K) (klmorl) (klmorl) (klmorl) (klmorl) 
300 - 1025.45 - 49.789 - 169.840 -457.604 
400 -1079.01 - 53.620 - 190.064 - 479.583 
500 - 1138.48 - 58.473 - 211.030 - 502.628 
600 - 1202.96 - 62.200 - 232.596 - 526.582 
700 - 1271.77 -70.694 - 254.671 - 551.321 
800 - 1344.41 -77.858 - 277.193 - 576.760 
900 - 1420.48 - 85.628 - 300.114 - 602.827 
1000 - 1499.67 - 93.948 - 323.398 - 629.462 
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Table 3.3 : Average Surface Tungsten Content (wt. %) of Inserts from Initial Coating Run 
-Runl 
Insert 1 Insert 2 Insert 3 Insert 4 
Rake Face 59.2 24.3 22.5 13.0 
Back Face 15.9 10.1 13.5 11.1 
Table 3.4 : Average Surface Tungsten Content (wt. %) of Inserts from COd Gas Coating 
Run-Run 2 
Insert 1 Insert 2 Insert 3 Insert 4 
Rake Face 71.4* 37.7 22.6 10.4 
Back Face 36.1** 18.2 11.3 10.2 
* = Tungsten analysis of bottom corner of rake face of insert 1 = 93.2 wt.% 
.. = Tungsten analysis of bottom corner of back face of insert 1 = 95.1 wt.% 
Table 3.5 : Average Surface Tungsten Content (lilt. %) of Inserts from Increased Ard Flow 
Rate Coating Run - Run 3 
Insert 1 Insert 2 Insert 3 Insert 4 
Rake Face 98.3 65.5 35.1 20.3 
Back Face 17.1 18.3 18.7 17.5 
Table 3.6 : Average Surface Tungsten Content (wt.%) of Background and Particles on 
Rake Face of Inserts land 4 from Increased Ard Coating Run - Run 3 
Insert 1 Insert 4 
Particle 98.4 31.7 
Background n.a.* 8.0 
* = No space between particles to analyse background 
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Table 3.7: Average Surface Tungsten Content (wt. %) of Inserts from Reduced 
Deposition Temperature (450 DC) Coating Run - Run 4 
Insert 1 Insert 2 Insert 3 Insert 4 
Rake Face 92.0 64.2 30.3 17.3 
Back Face 39.0 16.4 18.7 14.9 
Table 3.8 : Average Surface Tungsten Content (wt. %) of Insertsfrom Reduced 
Deposition Temperature (400°C) Coating Run - Run 5 
Insert 1 Insert 2 Insert 3 Insert 4 
Rake Face 96.9 89.3 91.5 50.1 
Back Face 92.8 66.5 51.6 17.8 
Table 3.9: Average Surface Tungsten Content (wt. %) of Inserts from Reduced 
Deposition Temperature (350DC) Coating Run - Run 6 
Insert 1 Insert 2 Insert 3 Insert 4 
Rake Face 74.2 79.1 65.4 39.5 
Back Face 66.5 49.5 48.2 21.1 
Table 3.10 : Average Surface Tungsten Content (wt. %) of Inserts from Reduced 
Deposition Temperature (350DC) and Increased Inlet Temperature 
Coating Run - Run 7 
Insert 1 Insert 2 Insert 3 Insert 4 
Rake Face 94.8 89.7 76.6 60.6 
Back Face 84.7 79.5 87.4 19.2 
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Table 3.11 : Average Surface Tungsten Content (wL %) of Inserts I and 4 from Gradually 
Increased Reactant Gas Partial Pressure Coating Run - Run 8 
Insert 1 Insert 4 
Rake Face 99.3 96.1 
Back Face 99.1 76.2 
Table 3.12 : Coating Thickness (pm) on Rake and Back Faces of Inserts 1 and 4 from 
Gradually Increased Reactant Gas Partial Pressure Coating Run - Run 8 
Insert 1 Insert 4 
Top Bottom Top Bottom 
Rake Face 4.4 24.4 1.0 3.3 
Back Face 3.8 12.2 
- -
Table 3.13 : Average Surface Tungsten Content (wt.%) of Insertsfrom Increased 
Reactant Gas Partial Pressure Coating Run - Run 9 
Insert 1 Insert 2 Insert 3 Insert 4 
Rake Face 98.6 98.4 96.6 98.5 
Back Face 98.8 98.1 98.3 91.9 
Table 3.14: Coating Thickness (pm) on Rake and Back Faces of Inserts from Increased 
Reactant Gas Partial Pressure Coating Run - Run 9 
Insert 1 Insert 2 Insert 3 Insert 4 
Rake Face Area I 0.8 0.8 traces -
Area 2 0.8 1.0 0.2 traces 
Back Face Area} traces traces - -
Area 2 1.1 0.9 0.8 -
- = no coating present 
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Table 3.15 : Average Surface Tungsten Content (wt. %) of Inserts from Raised Inserts 
Coating Run - Run 10 
Insert 1 Insert 2 Insert 3 Insert 4 
Rake Face 93.0 93.5 77.5 82.3 
Back Face 97.7 94.1 98.7 96.3 
Table 3.16 : Coating Thickness (pm) on Rake Face of Inserts from Raised Inserts Coating 
Run-Run 10 
Insert 1 Insert 2 Insert 3 Insert 4 
TOP traces - - -
LNS 
-
traces 
- -
RES 0.4 
- - -
BOT 1.4 0.8 0.8 1.5 
- = no coating present 
Table 3.17: Coating Thickness (pm) on Back Face of Insertsfrom Raised Inserts Coating 
Run-Run 10 
Insert 1 Insert 2 Insert 3 Insert 4 
TOP 
-
traces traces traces 
LHS 
- - -
traces 
RES traces - - -
BOT 1.3 1.4 1.4 1.0 
- = no coatingpresent 
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Table 3.18 : Coating Thickness (pm) on Rake Face 0/ Inserts from Inserts Lay Flat 
Coating Run - Run 11 
Insert 1 Insert 2 Insert 3 
FRT 6.0 3.4 2.5 
LHS 4.0 2.3 1.5 
RHS 3.3 2.6 1.4 
BCK 2.9 2.1 1.0 
No coating on any back/ace 
Table 3.19: Lattice Parameter Values/or Coatings Deposited in Inserts Lay Flat 
Coating Run - Run 11 
Insert 1 Insert 2 Insert 3 
I Coating Lattice Parameter, a (A) 4.1883 4.1884 4.1841 
Table 3.20: Rake Face Surface Roughness Values/or Uncoated BT42 Grade HSS Insert 
Roughness Average, R. ijtm) 
0° 90° 
Maximum 0.2 0.26 
Minimum 0.15 0.23 
Mean 0.19 0.25 
Standard Deviation 0.016 0.008 
Table 3.21 : Flank Face Surface Roughness Values/or Uncoated BT42 Grade HSS Insert 
Roughness Average, R. (!lm) 
0° 90° 
Maximum 0.16 0.17 
Minimum 0.11 0.13 
Mean 0.13 0.15 
Standard Deviation 0.019 0.015 
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Table 3.22 : Rake Face Surface Roughness Values for Insert 2 from Inserts Lay Flat 
Coating Run - Run 11 
Roughness Average, R. (p.m) 
0° 90° 
Maximum 0.24 0.23 
Minimum 0.12 0.17 
Mean 0.17 0.19 
Standard Deviation 0.033 0.018 
Table 3.23 : Flank Face Surface Roughness Values for Insert 2 from Inserts Lay Flat 
Coating Run - Run 11 
Roughness Average, R. <llm) 
0° 90° 
Maximum 0.24 0.21 
Minimum 0.14 0.15 
Mean 0.19 0.17 
Standard Deviation 0.039 0.024 
Table 3.24 : Coating Thickness (pm) on Rake Face of Inserts from Reduction of Coating 
Oxygen Content Coating Run - Run 12 
Insert 1 Insert 2 Insert 3 
FRT 2.2 1.3 0.9 
LHS 1.9 1.2 too thin 
RHS 1.1 1.3 too thin 
BCK 1.3 1.0 
-
too thin = coating too thin and d,scontinuous to measure 
- = no coating present 
No coating on any back face 
Table 3.25 : Lattice Parameter Valuesfor Coatings Deposited in Reduction of Coating 
Oxygen Content Coating Run - Run 12 
Insert 1 Insert 2 Insert 3 
Coating Lattice Parameter, a (A) 4.1649 4.1558 too thin 
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Table 3.26 : Rake Face Surface Roughness Valuesfor Insert2from Reduction of Coating 
Oxygen Content Coating Run - Run 12 
Roughness Average, Ra (Jtm) 
0° 90° 
Maximum 0.21 0.44 
Minimum 0.15 0.37 
Mean 0.18 0.41 
Standard Deviation 0.021 0.026 
Table 3.27 : Flank Face Surface Roughness Values for Insert 2 from Reduction of 
Coating Oxygen Content Coating Run - Run 12 
Roughness Average, R. (Jtm) 
0° 90° 
Maximum 0.25 0.29 
Minimum 0.16 0.23 
Mean 0.22 0.26 
Standard Deviation 0.034 0.022 
Table 3.28 : Coating Thickness (pm) on Back Face of Inserts from Increased Peripheral 
Coating Thickness Uniformity Coating Run - Run 13 
Insert 1 Insert 2 Insert 3 
FRT 3.7 1.1 too thin 
LHS 2.4 
- too thin 
RHS too thin too thin 
-
BCK too thin 
- -
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Table 3.29 : Coating Thickness (pm) on Rake Face of Inserts from Increased Peripheral 
Coating Thickness Uniformity Coating Run - Run 13 
Insert 1 Insert 2 Insert 3 
FRT 8.5 7.3 4.5 
LHS 6.3 3.4 2.4 
RHS 5.0 4.0 1.8 
BCK 4.2 3.3 1.5 
Table 3.30 : Lattice Parameter Values for Coated Inserts from Increased Peripheral 
Coating Thickness Uniformity Coating Run - Run 13 
Insert 1 Insert 2 Insert 3 
r Coating Lattice Parameter, a (A) 4.1924 4.1890 3.9622 
Table 3.31: Rake Face Surface Roughness Valuesfor Insert 2from Increased Peripheral 
Coating Thickness Uniformity Coating Run - Run 13 
Roughness Average, R. (I'm) 
0° 90° 
Maximum 0.15 0.17 
Minimum 0.10 0.15 
Mean 0.13 0.16 
Standard Deviation 0.014 0.010 
Table 3.32 : Flank Face Surface Roughness Values for Insert 2 from Increased 
Peripheral Coating Thickness Uniformity Coating Run - Run 13 
Roughness Average, R. (I'm) 
0° 90° 
Maximum 0.42 0.25 
Minimum 0.12 0.14 
Mean 0.24 0.17 
Standard Deviation 0.113 0.045 
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Table 3.33 : Coating Thickness (Ilm) on Rake Face of Inserts from Determination of 
Activation Energy Coating Run at 300°C - Run 14 
Insert 1 Insert 2 Insert 3 
FRT Flaked off 3.4 2.0 
LHS 4.1 2.8 1.6 
RHS 3.5 2.8 1.2 
BCK 4.1 2.3 
-
Table 3.34 : Coating Thickness (Ilm) on Rake Face of Inserts from Determination of 
Activation Energy Coating Run at 325°C - Run 15 
Insert 1 Insert 2 Insert 3 
FRT 6.0 3.5 2.3 
LHS 4.3 2.9 1.6 
RHS 3.6 2.8 1.5 
BCK 2.9 2.7 0.5 
Table 3.35: Coating Thickness (Ilm) on Rake Face of Inserts from Determination of 
Activation Energy Coating Run at 375°C - Run 16 
Insert 1 Insert 2 Insert 3 
FRT 4.5 2.3 1.4 
LHS 2.9 2.1 1.1 
RHS 2.6 1.2 1.1 
BCK 2.0 1.5 0.5 
Table 3.36 : Coating Thickness (Ilm) on Rake Face of Inserts from Determination of 
Activation Energy Coating Run at 450°C - Run 17 
Insert 1 Insert 2 Insert 3 
FRT 1.36 
LHS 0.9 
RHS 0.4 
BCK 0.5 
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Table 3.37: Coating Thickness (pm) on Rake Face of Inserts from Effect of Substrate 
Coating Run - Run 18 
Insert 1 Insert 2 Insert 3 
FRT 12.7 8.3 4.3 
LHS 8.3 5.7 3.1 
RHS 6.8 3.6 2.5 
BCK 5.3 3.9 0.9 
Table 3.38 : Lattice Parameter Values for Coated Inserts from Effect of Substrate Coating 
Run-Run 18 
Insert 1 Insert 2 Insert 3 
~ Coating Lattice Parameter, a (A) 4.l912 4.1887 4.1864 
Table 3.39 : Rake Face Surface Roughness Values for Insert 2 from Effect of Substrate 
Coating Run - Run 18 
Roughness Average, R. (/lm) 
00 900 
Maximum 0.350 0.400 
Minimum 0.220 0.250 
Mean 0.279 0.308 
Standard Deviation 0.0375 0.0478 
Table 3.40: Rake Face Surface Roughness Valuesfor Uncoated U30 Grade Cemented 
Carbide Insert 
Roughness Average, Ra (/lm) 
00 900 
Maximum 0.315 0.305 
Minimum 0.270 0.260 
Mean 0.291 0.282 
Standard Deviation 0.0151 0.0167 
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4. DISCUSSION OF EXPERIMENTAL RESULTS 
As the experimental work and results of the present study have been reported in four main 
sections (3.3, 3.4, 3.5 and 3.6) it was decided that, for clarity, the discussion would be 
similarly divided. 
4.1 Preliminary Work 
The preliminary work thought necessary prior to undertaking the initial coating run and 
subsequent detailed experimental study of the low temperature CVD of tungsten carbide 
coatings are now considered. 
4.1.1 Evaporation Calibration Curve 
A wide range of W(CO)6 evaporation temperatures have been employed by previous 
researchers: 0 to 50°CI391, 60 to 80°C[S71, 90°C[941, and 121 to 149°C[831. Consequently, the 
temperatures utilised in the present work were consistent with previous work although 
tended towards the higher end of this range. This was considered acceptable since it was' 
necessary to have sufficient evaporated and condensed W(CO)6 to be able to weigh it. The 
by-pass pipe temperature was set to 150°C which could have caused pyrolysis of the W(CO)6 
according to the manufacturers[1I91. However, this was not perceived to be a problem since 
the actual temperature of the W(CO)6 was thought to be less than 150°C. This was because 
the by-pass pipe temperature was measured by a thermocouple positioned on the outside of 
the stain1ess steel by-pass pipe while a flow of argon, in addition to the evaporated W(CO)6, 
flowed constantly through the pipe. The method of collection of W(CO)6 seemed repeatable 
since the graph resulting from the weighing of the collected W(CO)6, as seen in Figure 3.16, 
appeared smooth with no abnormal data points. Some of the condensed W(CO)6 inevitably 
collected on the brush during collection but most was scraped off into the vial. However, 
this error was repeated each time. It was not considered necessary, because of time and 
effort, to repeat each evaporation temperature experiment to obtain a more accurate or 
reliable evaporation calibration curve. However, it should be noted that the data does tend to 
describe a fairly well defined trendline, indicating that the experiments were repeatable. 
Given the assumption that the amount of W(CO)6 collected in 15 minutes is directly 
proportional to the vapour pressure of the W(CO)6 then the general shape of the graph 
obtained experimentally, as seen in Figure 3.16, would be expected to be similar in shape to 
the generalised variation of vapour pressure with temperature for the sublimation of a 
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solid(4S). This correlation was indeed evident and further confirmed the validity of the 
W(CO)6 evaporation calibration work. It is postulated that further experiments at higher 
evaporation temperatures would simply lead to an extrapolation of the current graph until the 
decomposition temperature of the W(CO)6 (reported to be 150°C(119)) was reached. 
4.1.2 Initial Experimental Procedure, Reactor Settings and Introductory Work 
It is thought that the initial heating period of the substrates immediately prior to deposition 
under a reducing hydrogen atmosphere was beneficial in reducing surface oxides. There was 
no experimental evidence to suggest that this was the case although other researchers(82) had 
similar thoughts and heated their substrates to 600°C under hydrogen for the same purpose. 
At the very least, it is thought that the procedure utilised in the present work did not impair 
the level of adhesion of the coating to the substrate. Few workers have reported the actual 
deposition parameters they utilised in their experiments and therefore a comparison with the 
initial reactor settings employed in the present work is difficult. Thomas and Chain(94) report 
using pipework heated to 100°C in order to prevent resolidification of the gaseous W(CO)6 
reactant while Homer and Whitacre(83) used pipes heated to 12l oC. Clearly the initial 
settings used in the present work are higher than those reported, however, it is thought that 
this is unimportant since the pipework temperature employed (140°C) was still below the 
reported decomposition temperature of W(CO)6. Although Haigh et al. (93) did report some 
decomposition of W(CO)6 occurred above 120°C, this was not observed to be the case in the 
evaporation calibration curve work. 
As was expected from the hot zone plot conducted at 550°C, the temperature profile along 
the length of the reactor coating chamber exhibited a uniform temperature distribution. It 
was also noted, from this plot, that a variation of 13 °C existed along the length of the insert 
holder. It was hoped that such a variation would not create a significant difference in 
deposition rate along the length of the insert holder. The nse of a thermodynamic analysis 
proved beneficial in demonstrating that in order to reduce any gas phase nucleation that 
might result from the basic CVD reaction used in the present work then the deposition 
temperature must be reduced. This analysis agreed with the characteristic variation of 
deposition rate with deposition temperature for a typical CVD reaction presented earlier in 
Figure 2.4. 
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4.1.3 Initial Coating Run - Run 1 
The coating parameters used in coating run 1 were extremely successful in establishing a 
starting point. Clearly during deposition there were obvious signs that gas phase nucleation 
was taking place. This was later confirmed after the coating run when the reactor coating 
chamber was opened to reveal sooty deposits on the chamber walls although it was unclear 
why the deposits were only visible on both end cones and in the middle section of the reactor 
coating chamber. One possible explanation was that the deposition temperature in the 
middle section of the reactor coating chamber was too high and therefore caused gas phase 
nucleation. Indeed, it was known from the hot zone plot that the centre section of the reactor 
coating chamber was hotter than the inlet and outlet ends of the reactor coating chamber 
inner tube. However, this did not account for the existence of gas phase nucleation in the 
inlet and outlet end cones. It may have been that as the reactant gas was confmed within the 
end cones then the W(CO)6 molecules were closer together and therefore it was easier for 
them to coalesce and form visible sooty deposits. This theory does fit the experimental 
results but it is also possible that the two end cones were hotter than the end sectious of the 
inner tube. However, this suggestion is not possible in the case of the inlet end cone since 
the thermocouple used to measure the temperature during the reactor coating chamber h~t 
zone determination was retracted past the inlet end cone and the temperature was not seen to 
rise as it passed through it. The Western Electric Company[82] also found that high 
deposition pressures, as is the case, initiated gas phase nucleation while Lander and 
Germerl391 concurred but also found that high deposition temperatures led to gas phase 
nucleation, as would be expected. The latter researchers went on to report that excessive 
amounts of gas phase nucleation yielded poor, non-adherent coatings. This was clearly the 
case in coating run 1, as illustrated in Figure 3.21, since particulate sooty deposits were 
evident and a continuous coating was not formed. The marked decrease in tungsten content 
progressing from insert 1 to insert 4 on the rake faces of the inserts, as demonstrated by 
Table 3.3, was thought to be an effect of the depletion of the reactant gas along the length of 
the reactor coating chamber. Consequently it was thought probable that a substantial 
concentration boundary layer was present within the reactor coating chamber. 
4.2 Study of Major CVD Process Parameters and Other Relevant 
Parameters 
Having established in the first coating run, a starting position, it was felt necessary to study 
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the effect of the process parameters in order to reduce gas phase nucleation and to find 
conditions that would yield a dense continuous coating which could be characterised. A 
discussion of this investigation is now presented. 
4.2.1 Effect of Utilising COd Gas - Run 2 
There was an increase in the surface tungsten content on inserts 1 and 2 from coating run 2 
when compared with the corresponding inserts from coating run 1. This suggested that the 
addition of a COd gas had indeed suppressed the chemical reaction. It was thought that the 
concentration boundary layer was made less severe due to the inhibited gas phase nucleation 
reaction and therefore more W(CO)6 molecules progressed further along the reactor coating 
chamber. This led to increased chemical reactions and hence increased deposition further 
along the reactor coating chamber. There are clear indications from Figure 3.22 that gas 
phase nucleation was not fully inhibited in coating run 2 when the Ard gas was replaced by 
COd gas. Therefore in hindsight perhaps it may have been advantageous to increase the 
amount of added COd gas in further deposition experiments in an attempt to establish if gas 
phase nucleation could have been further inhibited and more tungsten deposited onto inserts 
3 and 4. At the time it was considered that the amount of COd gas (Le. a straight replacement 
for the Ard gas) was already substantial in relation to the amount of W(CO)6 gas. Therefore 
from the benefits observed from coating run 2, it was thought that since a substantial partial 
pressure of CO was already being employed then perhaps more added COd gas would not 
prove to be as beneficial as was desired. 
4.2.2 Effect ofIncreased Ard Flow Rate - Run 3 
The effect of increasing the Ard flow rate resulted in an increase of homogeneous gas phase 
nucleation rather than the desired decrease. Figure 3.23 shows clear evidence typical of gas 
phase nucleation deposits. It was postulated that more argon atoms would increase the mean 
free path between W(CO)f!W(CO)6 collisions and therefore reduce gas phase nucleation. 
However, this was not the case. It is now thought that the increased total flow rate through 
the reactor coating chamber resulted in an increase in gas flow velocity which, according to 
Bernoulli's equation[1261, led to an increase in total deposition pressure. Consequently, the 
boundary layer thickness would have increased and therefore resulted in an increased 
W(CO)6 diffusion time through the boundary layer. In addition, since the diffusion rate is 
inversely proportional to the total deposition pressure then the rate of W(CO)6 diffusion 
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through the boundary layer would have decreased. Therefore the increase of Ard flow rate 
and hence total deposition pressure, increases the tendency of the reaction towards a mass 
transport or gas phase nucleation controlled deposition regime rather than a surface reaction 
controlled one. In contrast, according to Le Chatelier's principle[4346] since the CVD 
reaction employed in the present work results in an increase in molar volume then the 
reaction will be inhibited by an increase in total pressure. Therefore a decrease in gas phase 
nucleation should have been observed in coating run 3. However, the former suggestion 
concerning the tendency towards gas phase nucleation or a mass transport controlled 
deposition regime with increasing total deposition pressure appears more dominant. 
4.2.3 Effect of Reduced Deposition Temperature - Runs 4 to 7 
It was immediately clear from coating runs 4 to 7 that the reduction of the deposition 
temperature had an effect on the amount of gas phase nucleation as gradually less grey fumes 
were seen venting from the exhaust gas pipe during deposition. Also evident from Figures 
3.24 to 3.26 was that as the deposition temperature was decreased, a more continuous 
coating with a fmer grain structure and less gas phase nucleation deposits was formed. 
Examination of Figure 2.4[48] gives an indication of the mechanisms behind these 
observations. It is thought that as the deposition temperature was decreased, the deposition 
regime changed from homogeneous gas phase nucleation to a mass transport or even surface 
reaction controlled deposition regime. Consequently, the reduction of the deposition 
temperature from 550°C to 350°C led to the first coatings deposited under heterogeneous 
conditions and therefore the first real attempts at true coatings rather than sooty deposits. 
Mrazek et al. [86] conducted their investigation into the deposition of tungsten from the 
thermal decomposition of W(CO)6 over the temperature range 227 to 287°C. They found 
that over this deposition temperature range their deposition occurred as a result of parallel 
homogeneous and heterogeneous reactions. However, they also concluded that at "high" 
deposition temperatures the pyrolysis of W(CO)6 would become almost completely 
homogeneous. This conclnsion corroborates the earlier work of Lander and Germer139] and is 
consistent with the observations made in the present work although the term "high" is 
somewhat open to various interpretations. 
4.2.4 Effect of Increasing Reactant Gas Partial Pressure - Runs 8 and 9 
Having established, in previous coating runs, conditions that were thought suitable to 
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promote heterogeneous coatings rather than homogeneous gas phase nucleation it was 
thought that the next logical step was to increase the coating thickness so that more could be 
learnt about the coating. The obvious solution appeared to be to increase the amount of 
W(CO)6 reactant gas. From Table 3.11, the average surface tungsten content of inserts 1 and 
4 from coating run 8, it was clear that a substantial improvement had been made over 
previous coating runs. However, due to the nature of this coating run, it was anticipated that 
the increased surface tungsten content may have partially arisen from an increased deposition 
time. It was also anticipated that the gas phase nucleation seen venting from the exhaust gas 
pipe during deposition may have resulted in a worthless coating but this was not the case as 
shown in Figure 3.29 and less so in Figure 3.30. From these figures, it was concluded that 
some gas phase nucleation could be tolerated. This was also implied by Lander and 
Germer[39] in their work. Ball cratering of the rake and back faces of the two inserts revealed 
a vast difference in coating thickness between the top and bottom corners of the inserts, as 
shown in Table 3.12. At this stage, it was unclear whether this effect was a result of 
increasing the reactant gas partial pressure or caused by a change in the flow pattern of the 
W(CO)6 within the reactor coating chamber. Such a variation in coating thickness across 
each insert was thought to be intolerable and was therefore monitored more closely in further 
coating runs. This variation suggested that this coating run was conducted under mass 
transport controlled conditions as areas with a more abundant supply of reactant gas develop 
a higher deposition rate and therefore exhibit thicker coatings when deposited under this 
deposition regime[49]. Direct SEM examination of the ball crater on the bottom corner of the 
rake face of insert 1, as shown in Figure 3.31, revealed evidence of gas phase nucleation (top 
right) on the surface of the coating. This was to be expected after the amount of grey fumes 
observed exiting the exhaust gas pipe during deposition. The resulting taper section through 
the coating appears generally dense with very occasional indications of porosity. This may 
have been caused by gas phase nucleation inclusions in the coating and therefore a further 
reduction of gas phase nucleation was thought desirable. From this figure, there is also an 
indication of adhesive failure at the coatinglsubstrate interface probably caused during ball 
cratering. This suggested that adhesion of the coating to the substrate was poor. However, 
such a variation in coating thickness excluded the possibility of conducting valid scratch 
adhesion tests. Thicker regions of the coating were probably more highly stressed and 
therefore would be more likely to exhibit adhesive failure under lower applied loads than 
thinner areas of the same coating. 
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From coating run 9 onwards double tempered BT42 grade HSS inserts as detailed previously 
in section 3.4.4 were utilised. It is unclear whether this would have had any significant effect 
on the coating properties. However, as the deposition temperature had now been reduced to 
such a level (350°C) as to have no detrimental effects on the HSS substrates then there was 
no need for post-coating heat treatment and the substrates could be coated in their final fully 
tempered state. This offered a clear industrial advantage over conventional CVD techniques 
in which coated steel substrates frequently need post-coating heat treatment. It became more 
obvious from coating run 9 that the deposition conditions needed to successfuIly deposit a 
coating were quite specific. If the Arc flow rate and hence W(CO)6 reactant gas partial 
pressure was increased then gas phase nucleation became more evident as was seen from the 
exhaust gas pipe. In addition, the inlet pipe appeared more susceptible to blocking. 
Consequently, it was decided that in future coating runs the Arc flow rate was reduced back 
to 20 cm3 minute·l • 
Although it was extremely unlikely that the measured difference in coating thickness 
observed between the top and bottom corners of the coated inserts may have arisen from a 
difference in temperature across the inserts, it was established that this was not the case when 
two thermocouples were attached to the top and bottom corners of an in-situ insert. 
However, this experiment also revealed that the actual deposition temperature experienced 
by the inserts was in fact 12°C hotter than the indicated deposition temperature. This small 
increase was not felt to be detrimental to the present work. 
4.2.5 Effect of Substrate Position - Runs 10 and 11 
It can be seen from Tables 3.16 and 3.17 that raising the inserts so that they were supported 
on the centre line of the reactor coating chamber during coating run 10 did little to improve 
the uniformity of the deposition rate across the inserts. The lack of coating on the inserts 
from this coating run is also evident in Figures 3.39 and 3.40. Both of these figures appear 
very similar in nature to that of the micrograph resulting from the direct SEM examination of 
an uncoated insert, as seen in Figure 3.32. It was concluded from this coating run that a 
more uniform concentration ofW(CO)6 was not present in the centre of the reactor coating 
chamber. 
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In a further attempt to reduce the variation of deposition rate across the rake face of each 
insert, the substrates were located horizontally during coating run 11. As can be seen from 
Table 3.18, this coating run was highly successful in that it yielded three coated inserts which 
could be more fully characterised. The coating deposited in run 11 not only contained 
tungsten and carbon as desired, but also oxygen which is clearly evident from Figure 3.48. 
Oxygen was also observed, although at a much lower level, in the HSS substrate next to the 
coatinglsubstrate interface, to a depth of 5.2 !lm below the coating surface. The amounts of 
tungsten, carbon and oxygen can be seen to reach steady state, bulk coating values below 
0.3 !lm from the coating surface. The stoichiometry of the bulk coating was calculated to be 
approximately W(Co 67,00 33)0 74. The highly undesirable oxygen present in both the coating 
and in the HSS substrate adjacent to the coatinglsubstrate interface originated from the 
oxygen-containing gaseous by-product of the low temperature CVD reaction that was 
employed. As described earlier, the CVD reactor used in the study was of the hot-wall type 
and consequently the CVD reaction will have occurred not only on the surface of the BT42 
grade HSS substrates but also on the insert holder and more significantly on the reactor 
coating chamber wall. As the surface area of the latter is orders of magnitude larger than the 
former, it follows that the vast majority of the by-product gas must have originated from the 
CVD reaction on the reactor coating chamber wall. 
Comparing the XRD patterns for the coatings resulting from coating run 11 (Figures 3.44 to 
3.46) with that for ~-WC (WCo 61) (Figure 3.47), it is evident that, in general, the reflections 
from the coatings are displaced to increasingly higher values of 28 relative to those for 
~-WC. With reference to the Bragg equation, this indicates smaller interplanar spacings in 
the case of the coatings. This is reflected in the coating lattice parameter values (Table 3.19) 
being smaller than that for ~-WC (Figure 3.47). These smaller interplanar spacings and 
hence lattice parameters may be attributable to some of the octahedral interstitial sites in the 
fcc close packed crystal structure being occupied by oxygen atoms rather than carbon since 
the atomic radius of the oxygen atom is approximately 22 % smaller than that of the carbon 
atom (0.060 nm c.f. 0.077 nm[12S1). Therefore the decrease in coating lattice parameter in 
going from inserts I and 2 to 3 appears to indicate an accompanying increase in oxygen 
content which is assumed to be caused by the increasing amount of CVD reaction by-product 
gas being generated with increasing distance along the reactor coating chamber. 
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In their work on the deposition of tungsten carbide coatings from W(CO)6 in a cold wall 
CVD reactor, Homer and Whitacre[83] found that at atmospheric deposition pressures and 
temperatures above 410°C, they formed a tungsten carbide coating of the form cubic WC + 
hexagonal WC + W2C. In contrast, the Western Electric Company Inc.[82] formed single 
phase tungsten carbide coatings in their investigation of tungsten carbide coatings deposited 
via the thermal decomposition of W(CO)6 in a cold wall CVD reactor at reduced deposition 
pressures. At "Iow" deposition temperatures, with "little or no added CO gas", coatings of 
the form W2C were deposited while at "higher" deposition temperatures coatings with a WC 
crystal structure could be deposited by "increasing" the CO pressure. Lander and Germer[39] 
were also able to establish deposition conditions under which W2C coatings could be 
deposited from the pyrolysis of W(CO)6. The coatings were reported to have a fcc crystal 
structure with a lattice parameter of 4.16 A and (110) preferred orientation. VOgt[87] utilised 
similar deposition temperatures (300 to 350°C) to those employed in the present work but at 
reduced deposition pressures (0.197 and 0.395 atm). He found that an interstitial solid 
solution with a metastable fcc phase of variable lattice parameter (4.15 to 4.30 A) was 
deposited rather than tungsten carbide. However, a fcc structure with a lattice parameter of 
4.18 A was also detected in the coatings but did not match the XRD patterns of any form of 
tungsten carbide or oxide. Clearly this value of lattice parameter is very similar to that 
measured for the coatings deposited in the current work although no other researchers 
utilising the pyrolysis of W(CO)6, WCI6 or WF6 deposition routes have reported the 
formation of single phase coatings of the form p-WC. 
It is also apparent from a comparison of Figures 3.44 to 3.47 that the coatings deposited in 
coating run 11 exhibit a very strong preferred orientation in the (200) direction. The bulk 
grain structure of the coatings is consistent with this observation, consisting, as can be seen 
in Figure 3.52, of columnar grains oriented normal to the surface of the substrate. This type 
of grain structure was also found by Haigh et al. [93] in their study of the deposition of 
tungsten-rich coatings via the thermal decomposition ofW(CO)6. Similar bulk coating grain 
structures were also found in WCIPO] and WFi29] derived tungsten carbide coatings. At the 
surface of the coatings on insert 1 and 3, as seen in Figures 3.42 and 3.43, the grain structure 
appears to be domed. The formation of columnar grains results from uninterrupted grain 
growth towards the reactant gas source, i.e. the bulk gas stream. This suggests that the 
deposition process was mass transport controlled. However, this seems surprising since the 
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use of low deposition temperatures (350°C) is normally associated with the surface reaction 
controlled deposition regime. 
Further evidence to support the theory that the CVD reaction employed in run 11 was mass 
transport controlled can be found by examining the coating thickness measurements that 
were taken. In a mass transport controlled deposition regime, the coating growth rate (and 
hence coating thickness) is linearly proportional to the concentration of reactant gas in the 
bulk gas stream. In a hot-wall CVD reactor, there is a depletion of the amount of reactant 
gas in the bulk gas stream with increasing distance along the reactor coating chamber from 
the iulet (compounded by an increase in velocity boundary layer thickness), which, if the 
deposition process is mass transport controlled, will lead to a corresponding reduction in 
coating thickness. Examination of the coating thicknesses resulting from coating run 11, as 
seen in Table 3.18, reveals that this is exactly what was found. This phenomenon was also 
noticed by the Western Electric Company Inc. (82) during their study of the deposition of 
tungsten carbide coatings from W(CO)6 onto the inside surface of hollow tubes. 
Furthermore, under conditions of mass transport control, regions on the substrate surface 
having the most abundant supply of reactant gas, such as edges and steps, will exhibit higher 
deposition rates. It is clear from the coating thickness measurements, as illustrated in Figure 
3.51, that the coating is significantly thicker at the edges of insert 1. Obviously, such a 
variation in coating thickness, both on a single insert and from insert-to-insert, because the 
CVD reaction is operating in a mass transport controlled regime, is undesirable. As with all 
CVD reactions, surface reaction control would result in better coating thickness uniformity. 
From coating run 11 it was speculated that the more abundant supply of W(CO)6 near the 
bottom of the reactor coating chamber was brought about by the fact that W(CO)6 was a 
relatively heavy molecule and therefore during deposition tended to settle or descend to the 
bottom of the reactor coating chamber as it travelled along the length of the reactor coating 
chamber. It was thought that this problem may be overcome by the use of a vertical flow-
through CVD reactor rather than the horizontal arrangement utilised in the present work. 
Poor coatinglsubstrate adhesion was indicated by Figure 3.56. Flaking at the edges of the 
scratch charmel at a stylus load of 2 kg was found, by direct SEM examination, to be 
adhesive in nature while some occasional coating removal was observed in the 3 kg scratch 
channel. More regular partial coating removal in the scratch charmel was observed at a 
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stylus load of 5 kg. It is suggested that the poor adhesion indicated by these scratch test 
results may be partly due to the aforementioned presence of oxygen in the HSS substrate 
adjacent to the coating/substrate interface, and in the coating. However, there does appear to 
be evidence in Figures 3.52a and 3.52b that the coating has adhered more readily to the 
carbides present in the HSS substrate than the martensiticlaustenitic matrix. 
It is apparent from the optical section through the rake faces of inserts 1 and 3 (Figure 3.49 
and 3.50 respectively) that the topography of the coating surface closely follows that of the 
substrate surface with little deterioration of surface fInish. lbis qualitative observation is 
corroborated quantitatively to some extent by the surface roughness values obtained for an 
uncoated insert and coated insert 2, shown in Tables 3.20 and 3.22 respectively. It is clear 
from these tables that the coating has caused a slight decrease in the average rake face Ra 
value although it appears to have resulted in a slight increase in the average flank face 
surface roughness as can be seen by comparing the Ra values in Tables 3.21 and 3.23 for an 
uncoated and coated insert 2 respectively. The small values of Ra measured on the rake face 
of insert 2 were corroborated with the fIne grain structure observed on the same face as seen 
in Figure 3.52. 
During microhardness testing, occasionally cracks appeared to propagate from the top and 
bottom corners of the microhardness indentations. Despite this, the microhardness of the 
coating was measured to be 2114 HV0025. lbis was thought to be a reasonable and 
consistent hardness when compared with previous work on tungsten carbide coatings. 
Mantle et al. [36] reported hardnesses of 21 and 30 GPa for WC and W2C coatings 
respectively which were deposited via the WCl6 route. Several researchers reported coating 
hardnesses from the more commonly studied WF6 route used to deposit tungsten carbide 
coatings. From the Fulmer research group, Archer[29] described a 10 !Im thick tungsten 
carbide coating with a dense columnar structure and hardness of 2500 HV while Archer and 
Yee[281 reported a W2C + W3C coating of typical hardness in the range 2000 to 2500 HV 0 I. 
lbis range was corroborated by the work of Creed and Jowett[34]. From the same research 
group, Lewin and Hayman[30] reported a 305 !Im thick tungsten carbide coating which 
exhibited a hardness of2100 HV. Work emanating from the Garg et al. [59-61] research group 
indicated the deposition of tungsten carbide coatings with carbon contents in the range of 5 
to 15 at.% with hardnesses in the range 2361 to 2991 HV0025 respectively. Other researchers 
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working with this deposition route have reported tungsten carbide coatings with hardnesses 
of 1800 to 2800 HV[63] and 1700 to 2700 KnoOp[69]. Lander and Genner[39] claimed tungsten 
carbide coatings derived from the W(CO)6 that exhibited hardnesses greater than 2000 HV. 
These coatings were deposited at 450 and 500°C. Other deposition techniques, such as PVD, 
have also deposited tungsten carbide coatings with various hardnesses: 2365 to 3200 HV[lOS], 
1700 to 4100 HV[I07] and greater than 3000 HVo oPI3]. Tungsten carbide coatings deposited 
by Vinayo et al. [114] using a plasma spraying technique exhibited hardnesses in the range 600 
to 2100 HV but were typically found to be porous. 
4.3 Improvement of Coating Characteristics 
Having successfully established conditions that would yield a coating that could be more 
fully characterised, it was decided to attempt to reduce the bulk coating oxygen content and 
improve the overall peripheral coating thickness variation. These attempts are now 
discussed. 
4.3.1 Reduction of Coating Oxygen ContentJImprovement of Adhesion - Run 12 
In the following section a direct comparison between coating runs 11 and 12 is often made. 
It is therefore felt pertinent at this juncture to reiterate that the inserts were lay flat on a 
support plate in both coating runs while an Ard gas was utilised in coating run 11 and a 
hydrogen diluent gas employed in coating run 12. All other deposition parameters were kept 
constant. From AES analysis of the rake face of insert 1 from coating run 12, as seen in 
Figure 3.57, it can be seen that oxygen was again detected in the bulk coating. A comparison 
with Figure 3.48 revealed that it was present at a similar level to the coating deposited in 
coating run 11. Therefore it appeared that the replacement of the Ard gas with hydrogen did 
not reduce the bulk coating oxygen content. It was also apparent from Figure 3.57 that the 
region of diffusion between the bulk coating and substrate was more clearly defmed than in 
the corresponding AES composition-depth profile for insert 1 from coating run 11, as viewed 
in Figure 3.48. However, the oxygen level appeared to fall to zero more rapidly in coating 
run 12 than in coating run 11. This may have aided the level of adhesion as was desired 
although alternatively the possible reduction in the width of the diffusion band between the 
coating and the substrate may have reduced the level of adhesion. Not surprisingly, other 
researchers have reported the presence of oxygen in coatings deposited utilising the thennal 
decomposition of W(CO)6. Noticeably all were aiming to deposit pure tungsten rather than 
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tungsten carbide. In their work, Mrazek et al. (861 reported that their coatings contained 
3.1 wt.% carbon and 4.03 wt.% oxygen. It was thought that the oxygen was present as W02 
and the carbon as elemental carbon. VOgt(87] also found quantities of carbon and oxygen in 
his tungsten coatings ranging from 16 to 25 at. % for each element. The tungsten content of 
the coatings was generally not greater than 65 at. %. It is interesting to note that these values 
are similar to those reported in the present work although Vogt reported equal amounts of 
carbon and oxygen while the present work indicated that there was substantially more carbon 
than oxygen present in the coatings. Vogt also concluded that the use of a hydrogen carrier 
gas did not offer any major advantage in the reduction of incorporated carbon or oxygen in 
his coatings. Clearly this conclusion is corroborated by the present study. In their 
investigation of the deposition of tungsten from W(CO)6, Diem et al. (91] also found equal 
amounts (16 at.%) of carbon and oxygen in their coatings. The researchers postulated that 
the carbon and oxygen were probably in the form of CO trapped in a tungsten matrix. 
Obviously this is not the case in the present work since XRD traces showed a close 
correlation with 13-WC and AES analysis indicated that the carbon was present in the form of 
carbide rather than elemental carbon. Diem et al reported that the amount of carbon and 
oxygen could be reduced to almost zero by annealing the coatings at 950°C for I h. This was 
not tested in the present study because this sort of heat treatment would seriously reduce the 
mechanical properties of the substrate and negate the clear advantages of depositing a 
tungsten carbide coating at deposition temperatures below the tempering temperature of the 
HSS substrates. In the investigation conducted by Haigh et al. (93) concerning the deposition 
of tungsten via the pyrolysis of W(CO)6 It was revealed that carbon and oxygen contents of 
23 and 28 at.% respectively were detected in coatings deposited at 350°C. Interestingly the 
researchers also concluded that a strong degree of diffusion control was present even at these 
low deposition temperatures. Clearly this was also the case in the present study. 
Before the scratch adhesion tested insert from coating run 12 was examined using atomic 
number contrast in the SEM it was given a thin sputtered layer of carbon to aid examination. 
Unfortunately during this process the sample became contaminated with large whiskers and 
round deposits of carbon, as seen in Figure 3.58, which obviously did not aid examination of 
the sample. However, examination of the scratch channels did initially appear to indicate 
that the addition of hydrogen improved the adhesion of the coating to the BT42 grade HSS 
substrate since there did not appear to be any adhesive flaking at the edge of the scratch 
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channel at low applied loads as was evident around the scratch channels conducted on the 
coating resulting from coating run 11. Partial coating removal from the scratch channel was 
observed at an applied load of 5 kg which was similar to a corresponding coated insert taken 
from coating run 11. However, given that the coating on insert 2 from coating run 12 was 
approximately 50 % thinner than the coating on insert 2 from coating run 11, then a direct 
comparison of adhesion using a scratch adhesion test is not valid. Ichijo et al. [67) reported 
scratch testing results on their tungsten carbide coatings on steel substrates that averaged 
39.8 N but the mode of failure was not given. Therefore it is unclear how the 
coatinglsubstrate adhesion reported in this study compares with that determined by Ichijo et 
al. Although there appears to be only one report of scratch adhesion testing of tungsten 
carbide coatings in the literature, there does seem to be a problem with coatinglsubstrate 
adhesion experienced by many researchers. In an attempt to combat this problem many 
investigators employed an interlayer to aid adhesion. Roman et al. [37) utilised the hydrogen 
reduction of WCl6 and deposited a tungsten interlayer before a carbon reactant gas source 
was introduced into the reactor coating chamber. Tarver[69) also used a tungsten interlayer to 
aid adhesion of his WF6 derived tungsten carbide coatings which were reported to be 
"strongly adherent". Amongst the work associated with FuImer Research Institute Ltd., 
Archer[29) claimed that the ability of his tungsten carbide coatings to adhere to a substrate 
was governed by the reactivity of that substrate to the reactant gas mixture. Consequently, he 
employed thin nickel layers « I Ilm) to facilitate adhesion between his tungsten carbide 
coatings and steel substrates. He also determined that there was no significant diffusion (Le. 
> 0.5 Ilm) to aid adhesion. Archer and Yee[28, 54) established that substrate surface rougImess 
was also an important factor in coatinglsubstrate adhesion and therefore grit blasted their 
substrates prior to deposition. In an extension of Archer's work, other researchers[30, 34) also 
employed a nickel interlayer. Garg et al. [59) described little or no spalling of their tungsten 
carbide coatings on steel when subjected to a 1800 bend test with the use of a nickel 
interlayer. 
Direct SEM examination of the rake surface of coated inserts I and 3 as shown in Figures 
3.59 and 3.60 respectively revealed that the replacement of the Ard gas with hydrogen had 
resulted in a larger grain size on the surface of insert I when compared with the 
corresponding insert from coating run II as shown in Figure 3.42. Perhaps more 
significantly, it can be seen from Figure 3.60 that there appeared to be very little coating 
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deposited on the rake face of insert 3 when compared with insert 3 from coating run 11 as 
shown in Figure 3.43. Coating thickness measurements conducted in similar positions to 
those conducted on the coated inserts from coating run 11 corroborated that there was in fact 
very little coating on insert 3 from coating run 12 as can be seen in Table 3.24. It is unclear 
why the use of hydrogen as a replacement for the Ard gas has resulted in a decrease of 
deposition rate although such an adverse effect on the deposition rate did preclude the use of 
hydrogen in any further coating runs. 
XRD analysis of the rake faces of inserts 1 and 2 from coating run 12 revealed a similar trend 
to the coatings from coating run 11 in that the reflections from the coatings, as seen in 
Figures 3.61 and 3.62, were displaced to increasingly higher values of29 relative to those of 
(3-WC. Therefore it is propounded that the decrease in coating lattice parameter in going 
from insert 1 to insert 2 was again caused by an increase in oxygen content which was 
assumed to be caused by an increasing amount of CVD reaction by-product gas being 
generated with increasing distance along the reactor coating chamber. 
It is also evident from the XRD traces of coated inserts 1 and 2 from coating run 12 that there 
is a preferred orientation in the (200) direction. This is consistent with the appearance of the 
rake face ofinsert 1 observed by direct SEM examination as seen in Figure 3.59. The grain 
structure seen in this figure is thought to be consistent with the observation of the domed 
tops of columnar grains. However, the results of the examination of a fracture face through 
coated insert 2, as seen in Figure 3.64, are not consistent. In this figure, the surface of the 
coating appears extremely smooth while the section through the coating appears to show two 
distinct layers. The upper layer appears featureless while the lower layer does exhibit 
indications of columnar growth. The existence of the "two-layered" coating structure is to 
some extent corroborated by the degree of preferred orientation exhibited in the XRD traces 
of coated inserts 1 and 2 as shown in Figures 3.61 and 3.62 respectively. The degree of 
preferred orientation in the coatings deposited in coating run 12 was less strong than that 
exhibited by the corresponding inserts from coating run 11 as would be expected from a 
coating that was not fully columnar but also had a featureless layer. Both layers appeared 
dense. 
Such a marked change during coating growth would suggest a change in deposition 
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parameters approximately midway through deposition. However, this was not intentionally 
the case and no other apparent changes were noticed. Consequently, this phenomenon 
cannot be explained. Given the smoothness of coated insert 2, as seen in Figure 3.64, it 
would be expected that profilometry measurements taken on the same surface would be 
consistent and exhibit a lower Ra value compared with coating run II or an uncoated insert. 
As can be seen from Table 3.24, the Ra values in the 0° direction are comparable with an 
uncoated insert and insert 2 from coating run 11 while the Ra value in the 90° direction 
indicates a rougher surface finish. This effect may have been caused by slightly deeper 
grinding marks on that particular sample. In summary, it appears that most of the 
characterisation results gathered for the coating deposited in coating run 12 are consistent 
with each other with the exception of the bulk grain structure and surface appearance 
observed in Figure 3.64. Also apparent in Figure 3.64 is that the coating appears to have 
adhered more readily to the carbides present in the BT42 grade HSS substrate as was also the 
case of the coating deposited in coating run 11 which can be seen in Figure 3.52b. This 
observation also seems to be corroborated by Figure 3.63 as there appears to be a less distinct 
interface between the coating and the carbides than between the coating and the 
martensite/austenite matrix. However, this may simply be an optical illusion caused by relief 
polishing. 
4.3.2 Improvement of Peripheral Coating Thickness Variation - Run 13 
Visual examination of the back face of the coated BT42 grade HSS inserts cradled in the 
star-shaped insert holder from coating run 13 gave an instant indication that the holder had 
effected the reactant gas flow around each insert. Clearly identifiable on the back face of 
each insert was a darker cross-shape which coincided with the position of the holder during 
coating. It is can be seen from Table 3.28 that the lighter coloured four corner quadrants on 
the back face of each of the inserts were indeed coated albeit too thinly to measure in some 
quadrants. Obviously these measurements indicated that the star-shaped insert holder had 
indeed been beneficial in reducing the build-up of by-product gases and therefore increasing 
the deposition rate down the flank faces in the vicinity of each cutting nose radii. It should 
also be noted that the reduction of deposition rate along the length of the reactor coating 
chamber observed on the rake face of each insert was also evident on the back faces. This 
phenomenon corroborated the theory that the reactant gas was gradually depleted on the hot 
walls of the reactor coating chamber with increasing distance along the chamber from the 
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inlet. It also appeared from a comparison of Table 3.18 with Table 3.29 that the deposition 
rate on the rake face of inserts from the increased peripheral coating thickness uniformity 
coating run (run 13) was increased over the inserts lay flat coating run (run 11). This effect 
may of course be due to experimental error in determining the exact position of each ball 
crater or, perhaps more correctly, attributed to the reduced insert holder surface area in close 
vicinity to the inserts and therefore reduced reactant gas depletion and by-product gas 
production. The increased rake face coating thickness was more visually apparent in 
Figure 3.66 when compared to Figure 3.51. Although it is evident from these two figures 
that the coating was present further down the flank face of the inserts from coating run 13 
there did not appear to be a coating present on the back faces. This may be because the 
metallurgical cross-section taken through insert 1 from coating run 13 was taken too close to 
the centre-line of the insert and therefore too close to an area of the insert which was masked 
by the insert holder during deposition. 
Diem et al. [911 employed a vertical CVD reactor in their study of the deposition of tungsten 
onto silicon wafers from W(CO)6 and reported coating thickness variations across each wafer 
of ± 6 %. Clearly this was less than the variation observed in the present work. 
Consequently, bearing this and the fact that it was thought that the W(CO)6 reactant gas may 
settle at the bottom of the reactor coating chamber during deposition, it may be beneficial in 
any further work to investigate the use of a vertical CVD reactor. However, Diem et al. also 
operated at reduced deposition pressures and therefore it is suspected that this would 
improve the coating thickness variation. By virtue of the reduction in velocity boundary 
layer thickness, the deposition process would tend towards a surface reaction controlled 
rather than a mass transport controlled deposition regime. Garg and Kellyls6] also utilised a 
vertical CVD reactor and found that the thickness on each individual substrate of coatings 
deposited at 475°C for a deposition time of 1 h varied from 10 to 50 Ilm under the worst 
circumstances. 
XRD analysis of the coated inserts from coating run 13 revealed a close correlation with 
~-WC (WCo 61). This was consistent with the XRD analysis results from coating run 11 
which was expected. However, subsequent calculation of the lattice parameters for the 
coatings deposited in coating run 13 revealed that they were larger for inserts 1 and 2 than 
the corresponding inserts from coating run 11. Given the earlier suggestion that the lattice 
186 
The Low Temperature CVD of Tungsten Carbide Discussion of Experimental Results 
parameter can be effected by the deleterious incorporation of oxygen into the coating then 
this would imply that less oxygen is present in inserts 1 and 2 from coating run 13 than 
coating run 11. This was corroborated for insert 1 by AES analysis as shown in Figure 3.70. 
This also agrees with the suggestion that the star-shaped insert holder may have resulted in 
an increased deposition rate by reducing reactant gas depletion and by-product gas 
production in the vicinity of the BT42 grade HSS cutting tool inserts. Obviously, the 
importance of the reactor coating chamber furniture on the characteristics of coatings 
produced in hot-wall CVD reactors becomes more apparent when a large by-product gas 
volume is generated by the CVD reaction. The lattice parameter calculated from the XRD 
analysis of coated insert 3 from coating run 13 appears unusually small. This may be 
because of a large oxygen content in the coating although this cannot be substantiated 
because no AES analysis was conducted on this coating. This reason, although feasible, 
seems unlikely because the build-up of by-product gases and therefore incorporation of 
oxygen into the coating is assumed to be a gradual process. Clearly this is the case with 
inserts 1 and 2 from coating run 13 but the lattice parameter calculated for coated insert 3 
seems suddenly lower than the previous two inserts. Other than an abnormal XRD analysis 
of coated insert 3, no other solutions can be offered at this time to account for the small 
lattice parameter calculated for insert 3. Unfortunately the XRD analysis of coated insert 3 
from coating run 13 could not be repeated because the insert had been sectioned for optical 
examination before the lattice parameter had been calculated. 
It is encouraging to note that the coating deposited in coating run 13, as shown in Figures 
3.71 and 3.72, appeared to follow the topography of the underlying substrate closely and 
therefore the use of a star-shaped insert holder did not appear to have effected this property 
of the coating. Indeed, the average rake face roughness values from coating run 13 decreased 
slightly when compared to those from coating run 11 and uncoated inserts, as can be seen 
from Tables 3.31, 3.22 and 3.20 respectively. This attribute may be a function of coating 
thickness. In his founding work at the Fulmer Research Institute Ltd., Archer'29\ deposited 
10 flm thick tungsten carbide coatings which exhibited Ra values between 0.3 and 2.5 !lm. 
Although this is obviously rougher than those deposited in the present study, it is suspected 
that the nodular features described by Archer to be present in the underlying nickel interlayer 
significantly effected the tungsten carbide coatings surface roughness. Similar Ra values 
were found by Creed and Jowett[34\ when they applied the coating developed by Archer to 
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extrusion dies made from hot-work tool steels with typical coating thicknesses of 25 /lm. 
The only other researcher who reported surface roughness values for his tungsten carbide 
coating was Taylorll03] who claimed Ra values between 0.005 and 0.17 /lm for a PVD dc 
sputtered coating on beryllium oxide substrates. Unfortunately the surface roughness of the 
substrate prior to coating was not given. It can be seen visually from a comparison of 
Figures 3.74 and 3.75 with Figures 3.42 and 3.43 that the surface grain structure of coatings 
from coating run 13 appeared smoother than those from coating run 11. However, the 
surface grain structure which is evident in the micrograph of the fractured section through 
coated insert 2 from coating run 13, as seen in Figure 3.73, appeared much smoother and 
inconsistent with the surface grain structure observed in Figures 3.74 and 3.75. At present 
this is inexplicable. 
The bulk coating grain structure viewed in Figure 3.73 is less pronounced than that shown in 
Figure 3.52 but still showed evidence of a columnar structure. Carbides protruding from the 
surface of the BT42 grade HSS substrates and the rippled surface of the martensite/austenite 
matrix can be seen in the foreground of Figure 3.73. The coating can again be seen to follow 
the topography of the surface closely, although in contrast with coating run 11, the coating 
did not appear to adhere as readily to the carbides present in the steel substrate. This 
observation was perhaps the reason behind the poorer adhesion revealed by coating run 13 in 
comparison to coating run 11. Although Figure 3.77 is of relatively poor quality due to 
carbon contamination from the sputtering process, used ironically to aid examination, it is 
clear that adhesive flaking was widespread at an applied stylUS load of 2 kg. Unfortunately, 
the area in which the microhardness of the coating was determined for coated insert 1 from 
coating run 13 was not thick enough to establish a microhardness plateau and therefore 
determine a valid microhardness value. It can be seen from Figure 3.76 that the coating was 
measured to be of the order of or in excess of 2000 HV 0025. Consequently it was assumed 
that the hardness of the coating was not adversely effected by the use of a star-shaped insert 
holder and had not detrimentally effected any other coating characteristic. Indeed, the use of 
a star-shaped insert holder appeared to have had the desired effect and reduced the peripheral 
coating thick variation around each cutting nose radius of the inserts. The new holder was 
used in all future coating runs. 
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4.4 Understanding of Deposition Process and Fundamentals 
In an attempt to gain a greater understanding of the deposition process under development it 
was decided to determine the activation energy of the CVD reaction and therefore establish 
which deposition regime the reaction was operating under. In addition, an initial 
investigation of the use ofU30 grade cemented carbide substrates instead of PM BT42 grade 
HSS inserts on the coating characteristics was undertaken. A discussion of these studies is 
presented in this section. 
4.4.1 Determination of Activation Energy - Runs 14 to 17 
It was decided to confirm more scientifically if the CVD reaction utilised in the present study 
was indeed operating in a mass trausport controlled deposition regime as the coating 
thicknesses from the previous coating runs had suggested. Determination of the deposition 
rate at several deposition temperatures, as shown in Figure 3.78, facilitated this confirmation. 
The general form of the graph in this figure was consistent with observatious made during 
the experimental work. For example, at deposition temperatures greater than approximately 
350°C then theory would suggest that gas phase nucleation should occur (see Figure 2.4) 
which was certainly corroborated with the experimental observations made at these 
deposition temperatures. It was observed experimentally that as the deposition temperature 
was lowered then the amount of gas phase nucleation was also decreased gradually rather 
than a sudden absence of gas phase nucleation at a certain temperature as suggested by the 
presence of a sharp knee between the gas phase nucleation and mass transport controlled 
deposition regimes in Figure 2.4. It was felt that this observation is reflected in the lack of a 
clearly defined knee in Figure 3.78. It was also thought that, had time permitted, then 
additional coating runs conducted in the temperature range 300 to 450°C may have resulted 
in a more clearly defined picture. When considering the indicative nature of Figure 3.78, it is 
perhaps surprising that the calculated value of activation energy (26 kJ morl ) correlated so 
well to that which would be expected for a mass transport kinetically controlled CVD 
reaction[47]. This is in contrast to the higher activation energy of 75 kJ morl calculated by 
Kaplan and d'Heurle[90l for the decomposition of W(CO)6 at reduced pressure. It is known 
that in the majority of heterogeneous CVD reactions, the resistance to deposition is 
composed of contributions from both mass trausport and surface reaction controlled 
deposition regimes. However, one regime generally dominates and its influence is assumed 
to be total[321. The activation energy calculated by Kaplan and d'Heurle appears to lie 
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between a low activation energy, characteristic of a mass transport controlled deposition 
regime and a high one, characteristic of a surface reaction controlled deposition regime. 
Although it may be considered to be closer or more typical to that of a surface reaction 
controlled deposition regime which would be expected for a CVD reaction conducted at 
reduced total deposition pressure. However, the researchers also reported that the partial 
pressure of W(CO)6 effected the deposition rate which is characteristic of a mass transport 
controlled deposition regime. Consequently, it is thought that the work of Kaplan and 
d'Heurle was both mass transport and surface reaction controlled while the CVD reaction 
employed in the present investigation was fully mass transport controlled at a deposition 
temperature of 350°C. Mrazek et al. 186) also reported a high activation energy (153 kJ morl ) 
for the decomposition of W(CO)6. The exact conditions under which this was calculated is 
unclear from their work although such a high activation energy was thought indicative of a 
surface reaction controlled deposition regime. 
It is clear from Figure 3.78 that the maximum deposition rate was achieved at a deposition 
temperature of 350°C. Other researchersl91• 93) found that their maximum deposition rates 
were achieved at higher deposition temperatures. Diem et al [91) found a maximum 
deposition rate at 420°C which was considered to be mass transport controlled. Above this 
temperature the deposition rate was found to decrease. Rather than the CVD reaction 
entering a homogeneous gas phase nucleation deposition regime and consequently the 
deposition rate falling, it was thought that at higher deposition temperatures, the walls of the 
reactor coating chamber became heated to a such an extent that deposition also started to 
occur on them. Hence, as the concentration ofW(CO)6 reactant gas fell in the vicinity of the 
silicon substrate and since the reaction was operating under a mass transport controlled 
deposition regime then the deposition rate also decreased. In their work, Haigh et al [93) 
investigated the pyrolysis of W(CO)6 in the presence of hydrogen to deposit tungsten-rich 
coatings onto GaAs substrates. They also found a maximum deposition rate between 400 
and 500°C. However, they did [md that the variation in deposition rate with temperature was 
greater than anticipated for a fully surface reaction controlled CVD process and therefore 
concluded that a strong degree of diffusion or mass transport control was present even at low 
deposition temperatures. Clearly this corroborates the results of the present study. 
The objective of the reduction of deposition temperature series of experiments conducted 
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earlier was to reduce the amount of gas phase nucleation. Therefore, having substantially 
reduced it to 350°C it was decided not to lower the deposition temperature any further in 
case coatinglsubstrate adhesion became problematic. Examination of the coated inserts and 
ball craters through the coatings resulting from the coating runs conducted at 300 and 325°C 
proved that this was the correct decision. An optical microscopy investigation of the ball 
craters through the coatings deposited at 325°C revealed chipping of the coating near the 
coatinglsubstrate interface which was thought to be indicative of bad adhesion while visual 
examination of the coated inserts from the 300°C coating run showed evidence of spalling on 
the leading edge of insert 1. It is thought that these observations clearly demonstrated that at 
deposition temperatures below 350°C then coatinglsubstrate adhesion became progressively 
worse. 
4.4.2 Effect of Substrate - Run 18 
The first clearly identifiable effect of utilising WC-Co substrates instead ofBT42 grade HSS 
inserts on the coating process and properties was the deposition rate. By establishing the 
average coating thickness on the rake face of the inserts from coating run 13 (HSS 
substrates) and coating run 18 (WC-Co substrates), it was seen that the average deposition 
rate onto HSS inserts was 4.4 Ilm ho1 and, utilising the same deposition parameters, was 
2.7 Ilm ho1 onto cemented carbide inserts. This corresponds to a reduction in overall 
deposition rate of 39 %. An exact explanation for this difference cannot be offered, 
however, some explanations can be discounted. It is known that all deposition parameters 
for coating run 18 remained the same as coating run 13 and therefore the boundary layer, 
deposition temperature and deposition pressure are unlikely to have caused a decrease in 
deposition rate. It is also thought that the deposition regime was still mass transport 
controlled rather than surface reaction controlled because a clear variation in coating 
thickness across each insert and from insert to insert was still evident. Therefore the main 
thrust of the argument to account for a decrease in deposition rate between HSS and 
cemented carbide inserts must come from the effect of the inserts themselves on the 
deposition reaction. It has been noticed by other researchers(40] that the characteristics of a 
coating can be effected by the nature of the substrate although no justification or specific 
reasoning was offered for this phenomenon. Other researchers(122] have suggested that the 
substrate can act as a catalyst in the deposition reaction and the existence of "active" sites on 
a substrate surface can promote the deposition rate. Tiigstrom et al. (65] concurred that the 
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deposition rate was "strongly affected by the substrate material" during the deposition of 
tungsten carbide coatings deposited via the WF 6 route although no suggestions were offered 
as an explanation as to why this was the case. Typical deposition rates of tungsten carbide 
coatings deposited via the hydrogen reduction of WF6 were reported to be between 0.7 to 
3.1 !lm minute-I [29-31. 34] which was thought to be commercially acceptable[31]. Similar 
deposition rates were claimed for the deposition of tungsten carbide coatings deposited via 
the hydrogen reduction of WCI6136]. More notably and perhaps harder to believe is the 
deposition rate of approximately 66 !lm minute-I for the deposition of tungsten or tungsten 
carbide coatings deposited via the pyrolysis of W(CO)6 by the Western Electric Company 
Inc. [82, 88]. Clearly the deposition rate achieved in the present investigation is not as high as 
those claimed in the literature but is still thought to be of commercial interest. 
It can be seen from Figure 3.80 that the coating deposited onto a cemented carbide substrate 
also showed evidence 'of containing oxygen. The amount of oxygen initially increased with 
increasing distance from the coatinglsubstrate interface to a maximum of approximately 
21 at.% at approximately I !lm below the coating surface. Oxygen also appeared to have 
diffused into the substrate to a depth of greater than 3 !lm. Conversely, the amount of carbon 
present in the coating appeared to decrease with increasing distance from the 
coatinglsubstrate interface and then became more constant in the bulk coating. The 
stoichiometry of the coating in the region with most constant composition was approximately 
W(Co 63,00 37)0 92. This stoichiometry, as in previous coating runs, was consistent with the 
XRD results which indicated the best correlation with ~-WC (WCo 61). A simple comparison 
of the XRD reflections for insert 3 from coating run 18, as seen in Figure 3.79, with those for 
~-WC, as seen in Figure 3.47, again revealed that the reflections from the coating were 
displaced to increasingly higher 28 values relative to those for 13-WC. This was, as before, 
thought to be attributable to some of the octahedral interstitial sites in the fcc crystal structure 
being occupied by oxygen atoms and therefore, by virtue of the fact that the oxygen atom is 
smaller than the carbon atom, reducing the interplanar spacing and hence lattice parameter. 
A strong preferred orientation in the (200) direction was also identified by XRD on all coated 
inserts. This was consistent with the columnar structure observed on fracture sections 
through the coating as seen in Figure 3.83. At the surface of the coating, as shown in Figure 
3.84, the grain structure appeared to be domed but also showed indications of being slightly 
faceted. This feature was also consistent with the columnar grain structure witnessed in 
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Figure 3.83. 
Given the earlier observations, especially in Figure 3.52b, that the coating appeared to adhere 
more readily to carbides which were present within the BT42 grade HSS substrates. It was 
hoped that perhaps better adhesion would be exhibited when a cemented carbide substrate 
was utilised. This hope was found to be only marginally, if at all, realised. It can be seen in 
Figure 3.86 that partial coating removal from the scratch channel was initiated at 6 kg 
applied load while mixed adhesive/cohesive flaking at the edge of the scratch channel was 
observed at a stylus load of 3 kg. Once more this relatively poor coatinglsubstrate adhesion 
was attributed to the presence of oxygen in the region of the coatinglsubstrate interface. 
However, in this instance there did appear to be evidence in Figure 3.83 of porosity in the 
U30 grade cemented carbide substrate at the coatinglsubstrate interface. There is also 
defrnitive evidence in Figure 3.81 of cracks in the coating. Given the highly columnar nature 
of the coating and the orientation of the cracks seen in Figure 3.81, it would appear 
reasonable to suggest that these cracks were intergranular in nature and their propagation 
enhanced by the presence of tensile residual stresses within the coating. It is also apparent 
from the optical section through the rake surface of cemented carbide insert 1, as shown in 
Figure 3.81, that the surface of the coating appeared to replicate the surface of the underlying 
substrate closely. This was corroborated more quantitatively by the surface profrlometry 
measurements conducted on coated insert 2 and an uncoated U30 grade cemented carbide 
insert as shown in Tables 3.39 and 3.40 respectively. A comparison of these two tables 
demonstrates that the coating caused a very slight increase in the mean surface Ra value. 
However, the maximum Ra value and the standard deviation of the Ra values were certainly 
higher for the coated insert. It was determined from Figure 3.85 that the coating exhibited a 
rnicrohardness of 2230 HVOO2S• This value was thought to be low because during 
rnicrohardness testing cracks which extended from the top and bottom corners of the indents 
were observed. It may be that the coating on the U30 grade cemented carbide substrate 
appeared harder than the coatings deposited in the previous coating runs because the coating 
is thicker and more highly stressed. It is thought that, in terms of a preliminary investigation, 
coating run 18 has yielded some interesting questions that perhaps a further, more detailed 
study, could go some way to answering. 
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4.5 Summary of Optimised Deposition Parameters 
It was felt that a re-iteration of all of the deposition parameters used for each coating run 
during the critical review of each coating run would detract from the text. Consequently, it 
was decided only to highlight each deposition parameter that was varied for each coating run 
review. Therefore it seems pertinent at this juncture to summarise the optimised deposition 
process and parameters utilised in the present work. 
• A reduced deposition temperature was used in an attempt to avoid gas phase nucleation 
(350°C). 
• Additional heat was supplied to the inlet end of the reactor coating chamber (l05°C). 
• BT42 grade PM HSS inserts were utilised after a single temper in the heat treatment 
furnace. 
• The BT42 grade PM HSS inserts were given a second temper in the CVD reactor coating 
chamber on the day prior to deposition. This was carried out under a reducing hydrogen 
atmosphere in an attempt to reduce surface oxides and increase coatinglsubstrate 
adhesion. The following heat treatment conditions were employed: 
Heat to 550°C over 100 minutes. 
Held at 550°C for 90 minutes. 
Slow cool to room temperature overnight. 
• A specifically designed star-shaped insert holder was utilised in order to increase coating 
uniformity around the cutting nose radii and flank faces of each insert. 
• An increased deposition time was needed for U30 grade cemented carbide inserts owing 
to a reduced deposition rate on such substrates. The actual deposition time was obviously 
dictated by the thickness of coating required. 
Although it appears that few process parameters have changed from the initial coating run, 
numerous process parameters were studied in this detailed investigation but proved 
ineffective in improving the coating characteristics. 
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5. MAJOR CONCLUSIONS AND RECOMMENDATIONS FOR 
FURTHER WORK 
The work carried out in this study has addressed several important issues relating to the low 
temperature CVD of tungsten carbide coatings onto PM BT42 grade HSS cutting tool inserts 
utilising the pyrolysis of W(COk The following two sections outline the major conclusions 
gained from this investigation and identify areas where further work may prove beneficial. 
5.1 Major Conclusions 
The first three conclusions pertain to the overall observations of the work. 
I. A rudimentary tungsten carbide coating can be successfully chemically vapour deposited 
onto PM BT42 grade HSS cutting tool inserts at a deposition temperature of 350°C and 
at atmospheric pressure. 
2. The following common coating characteristics were found to be exhibited by all of the 
tungsten carbide coated PM BT42 grade HSS inserts characterised in the present work. 
It was established that all of the coatings contained tungsten, carbon and oxygen at 
typically 58, 28 and 14 at.% respectively and were all of the form ~-WC (WC061)[123J• 
Characteristic coating hardnesses of 2100 HVo 025 were measured. Coating thicknesses 
were found to vary across each cutting tool insert and from insert-to-insert for each 
coating run. In general, coating thicknesses were thicker nearer the inlet end of the 
reactor coating chamber. Scratch adhesion testing typically showed evidence of flaking 
at the edge of the scratch channel at indentor loads as low as 2 kg. 
3. Most of the characteristics of the chemically vapour deposited tungsten carbide coatings 
require fundamental improvement. In particular it is necessary to: 
a) Improve the coatinglsubstrate adhesion. Clearly the coatinglsubstrate adhesion 
exhibited by the tungsten carbide coatings developed in the present study is poor but 
may be improved by the reduction of oxygen both in the coating and adjacent to the 
coatinglsubstrate interface. 
b) Improve the coating thickness uniformity, both on each insert and from insert-to-
insert. This would obviously lead to more uniformly coated components and 
therefore more commercially acceptable coatings. 
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c) Eliminate the highly columnar bulk coating grain structure. This may augment the 
bulk coating microhardness via the Hall-Petch relationship and decrease the 
possibility of through thickness crack propagation. In addition, the time taken for 
diffusion of impurities along the grain boundaries and through the coating during 
cutting tool use would increase. 
The following five conclusions relate more specifically to the study of the major CVD 
process parameters work. 
4. The amount of gas phase nucleation at 550°C was reduced when the Ard gas was 
replaced by a COd gas. The use of a COd gas suppressed the thermal decomposition of 
the W(CO)6 reactant and therefore more W(CO)6 molecules progressed further along the 
reactor coating chamber before decomposing. Consequently, deposition was increased 
further along the reactor coating chamber which resulted in a less severe concentration 
boundary layer. 
5. Increasing the Ard gas flow rate from 380 to 1980 cm3 minute·l increased the tendency of 
the CVD reaction towards a gas phase nucleation controlled deposition regime. The 
increase of Ard flow rate and therefore total gas flow rate through the reactor coating 
chamber resulted in an increase in total gas flow velocity which, according to Bemoulli's 
equation[l261, led to an increase in total deposition pressure. Consequently, the boundary 
layer thickness increased and therefore resulted in an increased W(CO)6 diffusion time 
through the boundary layer. In addition, since the diffusion rate is inversely proportional 
to the total deposition pressure then the rate of W(CO)6 diffusion through the boundary 
layer decreased. Therefore, increasing the Ard flow rate increased the tendency of the 
CVD reaction away from the preferred surface reaction controlled deposition regime. 
6. The reduction of deposition temperature from 550°C to 350°C resulted in a move from a 
gas phase nucleation controlled deposition regime to a predominantly mass transport 
controlled deposition regime. This shift resulted in a substantial reduction of gas phase 
nucleation and the first attempts at depositing a coating under heterogeneous reaction 
deposition conditions. 
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7. It was established that if the Mc gas flow rate was increased from 20 to 60 cm3 minute·l 
thereby increasing the W(CO)6 reactant gas partial pressure then gas phase nucleation 
became significantly more evident while the inlet gas pipe became more susceptible to 
blocking. 
8. The deposition rate was found to be significantly higher nearer the bottom of the reactor 
coating chamber. This was thought to arise because the relatively heavier W(CO)6 
molecules tended to settle to the bottom of the reactor coating chamber while the lighter 
argon and by-product gases filled the top of the reactor coating chamber during coating. 
The following two conclusions relate more specifically to the improvement of coating 
characteristics study. 
9. The use of a hydrogen diluent gas instead of an Ard gas did not reduce the oxygen 
content of the tungsten carbide coatings which were deposited utilising otherwise 
identical deposition parameters. Although the use of a hydrogen diluent gas did reduce 
the deposition rate on inserts 1 and 2 by approximately 50 % when compared to the 
corresponding inserts taken from a similar coating run which utilised an Ard gas. 
Unfortunately a valid comparison of adhesion between coatings deposited using an Ard 
gas and a hydrogen diluent gas was not possible because of the aforementioned 
difference in coating thickness. 
10. The use of a star-shaped insert holder to support the inserts during deposition increased 
the deposition rate down the flank faces of the inserts in the vicinity of each cutting nose. 
A coating was detected on the back faces of the inserts in areas where the inserts were 
exposed to the reactant gas although a variation in coating thickness across each insert 
back face and from insert-to-insert was also observed. The increase in deposition rate on 
the flank and back faces of the inserts was thought to be attributable to a reduction in the 
build-up of by-product gases in these areas. The coating thickness was always found to 
be thicker nearer the inlet end of the reactor coating chamber. This was because of the 
depletion of reactant gas along the reactor coating chamber. 
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The folIowing three conclusions relate more specifically to the understanding of the 
deposition process and fundamentals investigation. 
11. The activation energy for the CVD reaction employed in the present work was calculated 
to be 26 kJ mor l at deposition temperatures below 350°C which confirmed that a mass 
transport controlIed deposition regime dominated at these deposition temperatures. This 
was surprising given that such low deposition temperatures are usually associated with a 
surface reaction controlIed deposition regime. At deposition temperatures above 350°C, 
gas phase nucleation was found to dominate. The transition between the two deposition 
regimes was found to be gradual. 
12. During the determination of activation energy study, a maximum deposition rate 
(approximately 4.4 Jlm h· l ) onto PM BT42 grade HSS substrates was found to exist at 
the transition between the predominantly gas phase nucleation and predominantly mass 
transport controlled deposition regimes. This transition occurred at a deposition 
temperature of 350°C. 
13. It was established that a tungsten carbide coating with essentially the same coating 
characteristics as those deposited onto PM BT42 grade HSS substrates could also be 
deposited onto U30 grade cemented carbide cutting tool inserts. However, the 
deposition rate on cemented carbide inserts was found to be reduced by approximately 
40 % when the same deposition conditions as were utilised for HSS substrates were 
employed. 
5.2 Recommendations for Further Work 
It is accepted that there is still a substantial amount of work that must be completed before 
the tungsten carbide coating developed in the present work could be utilised in industrial 
applications. Areas where it has become apparent that additional work is required are now 
indicated. 
• A study of the use ofa COd gas at a deposition temperature of 350°C may prove valuable 
given the suppression of the pyrolysis of the W(CO)6 reactant afforded by the use of a 
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COd gas at a deposition temperature of 550°C. 
• A reduction of the Ard flow rate may be advantageous. A reduced Ard flow rate would 
decrease the total gas velocity through the reactor coating chamber leading to a decrease 
in the total deposition pressure. This would decrease the boundary layer thickness and 
therefore reduce the time taken for the W(CO)6 reactant to diffuse through the boundary 
layer to the substrate. Consequently, the CVD reaction would tend towards the preferred 
surface reaction controlled deposition regime. 
• An investigation of the use of a cold-wall (inductively heated) CVD reactor is 
recommended. The use of such a reactor would substantially reduce the amount of 
oxygen-containing by-product gases and thereby reduce the amount of oxygen present in 
the coating. It is thought that this may improve the coatinglsubstrate adhesion. 
• The use of reduced deposition pressures may also be beneficial. Reduced deposition 
pressures would lead to a reduction of the velocity boundary layer thickness and 
therefore promote the deposition process to a more surface reaction controlled deposition 
regime rather than a mass transport controlled one. This would improve coating 
thickness uniformity and also reduce the tendency of the gas phase nucleation reaction. 
Furthermore, the bulk coating grain structure would tend to become fine-grained and 
equi-axed under surface reaction control which may increase the coating microhardness 
via the Hall-Petch relationship. Clearly such a bulk coating grain structure would also 
reduce the possibility of through-thickness crack propagation. 
• An investigation of the use of a vertical, down-flow CVD reactor is also recommended. 
The use of such a reactor may improve the coating thickness uniformity across each 
insert and from insert-to-insert by making use of the natural tendency of the relatively 
heavier W(CO)6 molecules to settle to the bottom of the reactor coating chamber during 
deposition. 
• Having established a better adhered and more uniformly thick tungsten carbide coating 
then a detailed study of the effect of different deposition conditions on the cutting 
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performance of tungsten carbide coated PM BT42 grade HSS inserts should be carried 
out. Once the cutting performance of these inserts has been optimised, it can be 
compared to that exhibited by chemically vapour deposited TiN coated PM BT42 grade 
HS S inserts. 
• The present work should be extended to include an investigation of the low temperature 
CVD of molybdenum carbide coatings deposited from a molybdenum hexacarbonyl 
(MO(CO)6) precursor. 
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Appendix 
Experimental Procedure 
Laboratory Sheets 
Experimental Procedure for the CVD of Tungsten Carbide 
Safety: Wear protective clothing: laboratory coat, acid gas respirator mask, safety glasses 
and gloves. 
Run: 
Date: 
'Elapsed Acttial 
Time 
'. 
, Time 
OhOO 
~ 
w 
, ~ . ,', 
, ','" , 
' .'y", 
':' :f~' , , "" ' ;J' " , , , ,~ ~', c 
, , 
' , 
. ,Procc:dure 'It, ~: , , , " " . ' c' 
• Adjust plastic caps on evaporation unit. Loosen each cap in turn 
until a flow is indicated on the flow meter then tighten slightly. 
Flow reduces to zero. 
• Carefully place insulated evaporation unit lid, PTFE covers and 
temperature thennocouples into place. 
• Fix metal box on Arc + W(CO)6 tube fittmg. 
• Position heat guns: no. 2 (metal box) and no. 3 (Arc + W(CO)6 
valve). 
• Check leak rate. Time to 2 x 10-1 atm = sec 
• Back fill with argon - 1 
Increase Ard flow rate to absolute maximum 
Close green bar valve (no. 8) to vacuum pump 
Open Ard green valve (no. 3) 
Back fill until pressure transducer reading = 0.25 bar 
• Evacuate - I 
Close mixed gas delivery valve (no. 7) 
Open green bar valve (no. 8) to vacuum pump 
Evacuate to (l0-1 atm) 
• Back fill with argon - 2 
• Evacuate - 2 
• Back fill with argon - 3 
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Elapsed 
Time 
Oh30 
Actultli; , 
Timt I~, 
"'~, '3~' ,,% ,:I;, ,,~, ,~" ':l " "; lJ 'f', ',; 
" '" ",~ ~ ~' ~ Procedure " ' , 
• When pressure transducer = 0.25 bar, open exhaust gas green bar 
valve 
• Ard flow through reactor coating chamber - reduce flow rate to 
150 (glass ball, tube 3) 
• Open H2.2 green valve (no. 4) 
• Adjust H2.2 flow rate to 150+ (stainless steel ball, tube 1) 
• Light hydrogen flame 
• Close Ard valve (no. 3) 
• Make sure furnace-tube length-restricting clamp is positioned as 
far away from end cap as possible 
• Cooling water on 
• Switch furnace on 
Temperature controller = °C 
Deposition temperature = °C 
• Switch on digital thermometer 
• Switch on evaporator heating cord 
Variac no. 1 setting = __ _ 
• Switch on mixed gas delivery pipe heating cord 
Variac no. 2 setting = 115 V 
Temperature controller stetting = °C 
• Switch on exhaust gas pipe heating cord 
Variac no. 3 setting = __ _ 
• Switch on evaporator tank heat gun (no. 1) 
Setting = __ _ 
• Reduce Arc flow rate 
• Open Arc + W(CO)6 by-pass valve 
• Adjust Arc flow rate to 71 (glass ball, tube 1) = 20 cm3 minute-I 
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Elapsed :Actual~ ~ ,!j::\ "i;~;;"f:;: >~;/i ~:;~ .. ' .~~, .. : ~~ ~.;:;:. ~~~'. 
Time Time 
1 h 30 
2hOO 
2h30 
3 h 00 
. ~. ~ .. Procedure ~ ~ .. 
• Furnace controller at/near set temperature 
• Check temperatures: 
Evaporator tank temperature = °C 
Evaporator heating cord = °C 
• Switch on other heating guns: 
Heat gun no. 2 - Arc + W(CO)6 (box), setting = __ 
Heat gun no. 3 - Arc + W(CO)6 valve (no. 6), setting = __ . 
Heat gun no. 4 - mixed gas delivery valve (no. 7), 
setting = ___ ' 
Heat gun no. 5 - inlet end-cap, setting = OFF. 
• Switch on stirrer motor 
• Switch on immersion heater 
Temperature setting = °C 
• Check temperatures: 
Heat gun no. 2 - Arc + W(CO)6 (box) = °C 
Heat gun no. 3 - Arc + W(CO)6 valve (no. 6), = °C 
Heat gun no. 4 - mixed gas delivery valve (no. 7) = __ cC 
Evaporator heating cord = °C 
Evaporator tank temperature - °C 
• W(CO)6 fumes from Arc + W(CO)6 by-pass, switch on fume 
cupboard intermittently 
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Ela psed A~ti:tar 
Time Time 
3 hOS 
3 h IS 
3h2S 
3 h30 
• Reduce AIc flow rate to S (glass ball, tube 1) 
• Immersion heater at/near set temperature 
• Adjust AIc flow rate to desired deposition value 
(71 glass ball tube 1 = 20 cm3 minute-I) 
• Reduce AId flow rate 
• Open AId valve (no. 3) 
• Adjust AId flow rate to desired deposition value 
(92 stainless steel ball, tube 3 = 380 cm3 minute-I) 
• Close H2.2 valve (no. 4) 
• Exhaust flame extinguishes 
START OF RUN 
• Close AIc + W(CO)6 by-pass valve 
• Open AIc + W(CO)6 valve 
During Deposition: 
~ 
• Constantly monitor all gas flow rates, making 
adjustments where necessary 
• Look for any changes at the exhaust outlet 
• Check temperatures: 
AIc + W(CO)6 box = __ DC, setting = __ ' 
AIc + W(CO)6 valve = DC, setting = __ _ 
mixed gas delivery valve = __ DC, setting = __ . 
Evaporator heating cord = __ DC, setting = __ . 
Evaporator tank temperature = DC, 
heat gun 1 setting = 
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: s 
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Procedure 
, 
END OF RUN 
4h30 • Switch offfumace 
• Switch off immersion heater 
• Close Arc + W(CO)6 valve (no. 6) 
• Open H2.2 green valve (noA) 
• Light hydrogen flame 
• Close Ard valve (no. 3) 
4h45 • Switch off stirrer motor 
• Switch on fume cupboard intermittently 
• Switch off heat guns 2, 3, 4, and 5 
• Reduce heat gun 1 setting to 1.0 
5 h45 • Switch off exhaust gas heating cord (variac no. 3) 
• Switch off mixed gas delivery pipe heating cord (variac no. 2) 
• Switch off evaporator heating cord (variac no. 1) 
• Switch off evaporator tank heat gun (no. 1) 
• Increase Arc flow rate to maximum 
LEAVE REACTOR OVERNIGHT TO COOL 
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Elapsed Actual , , 
, 0 , 
, 
, ' 
, 
, 
, , 
, P~ocedure , Time Time ' 0' , ~ " , , 
Next • Open Ard valve (no. 3) 
Day • Close H2.2 valve (no. 4) 
Flame slowly dies out 
• After flame has gone out, close exhaust valve 
• When pressure transducer = 0.25 bar, close mixed gas delivery 
pipe valve. Reactor coating chamber is ready to open. 
• Take insulated lid off evaporator unit and tighten plastic caps 
• Close Arc valve (no. I). Glass evaporator vessel is ready to 
disconnect from reactor and to be subsequently cleaned. 
Notes: 
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Day Prior to Coating Run 
Run: 
Date: 
• Load uncoated inserts into reactor coating chamber: 
Identify inserts using indentation marks 
Clean inserts in methanol 
Load inserts onto inserts holder and place in reactor coating chamber 
• Load W(CO)6 into glass evaporator vessel 
• Check evaporator unit oil level (135 mm) = mm 
• Preset gas pressures and flow rates 
Arc pressure = 5 psi 
Correction factor (CF) = 0.987 
Desired flow rate = ___ cm3 minute·! 
Ch fl desired flow rate art ow rate = = cm3 minute·! CF --
Reading on flow meter (from graph I, glass ball) - __ 
Ar d pressure = 5 psi 
Correction factor (CF) = 0.987 
Desired flow rate = cm3 minute·! 
---
Ch fl desired flow rate art ow rate = = cm3 minute·! CF --
Reading on flow meter (from graph 3, stainless steel ball) = __ 
• Gas ballast vacuum pump 
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- -
DEPOSITION FLOW RATES 
Arc = _____ glass ball, tube 1 (71 =20cm3 minute-I) 
Ar d = _____ stainless steel ball, tube 3 (92 = 380 cm3 minute-I) 
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